Experimental investigation on turbulent flow overlying permeable walls by Kim, Taehoon



























Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Theoretical and Applied Mechanics 
in the Graduate College of the  










 Professor Kenneth T. Christensen, Chair 
 Professor Carlos A. Pantano-Rubino 
 Professor James L. Best 
 Professor Marcelo H. Garcia 
 
Abstract
A turbulent flow overlying a permeable wall can be subdivided into two distinct flow regions
separated by a permeable interface. The first is the surface (or free) flow region, which
overlies the interface. The second is the subsurface (or pore) flow region, which occurs
within the permeable wall. While the near-wall surface flow can be turbulent, deep within
the bed the subsurface flow is often laminar and can be described by Darcy’s law (a balance
of viscous and pressure forces). Thus, a region must exist between these two extremes where
the flow undergoes a transition from inertia-dominated turbulence to viscous-dominated,
laminar flow across the permeable interface. This region, typically termed the ’transitional
layer,’ develops across the permeable interface where non-linear flow interactions between
the free flow and the pore flow take place. Accessing this region either experimentally or
computationally is extremely challenging, with the latter limited by direct physical of optical
access near and within the bed.
The goal of this study was to explore the role of wall permeability and surface topography
in flow interactions across a permeable interface and the corresponding turbulent boundary
layer modifications in the surface flow region. The turbulent flow overlying impermeable
and permeable walls with identical surface topography was explored experimentally using
the particle-image velocimetry technique coupled with a unique refractive-index matching
flow environment, whereby the latter provided full optical access to the flow in the vicinity
of and within the permeable interface and the former allowed the acquisition of instan-
taneous velocity fields in this region with this optical access. Utilizing velocity statistics
and conditional averaging, quantitative assessments were made for turbulent boundary layer
ii
modifications imposed by permeability and topography as well as the role of these e↵ects in
the mutual interplay between the surface and subsurface flows. Surface topography is found
to intensify these interactions across the transitional layer, meaning that it enhances mass,
momentum and energy transport between these two flow regimes. In addition, it was found
that the larger scales of the surface-layer flow modulate the smaller scales near the perme-
able interface and within the bed itself. This e↵ect was previously identified in canonical
turbulent boundary layers (both smooth and rough), but the results presented herein high-
light the enhancement of modulation e↵ects owing to permeability. This physical linkage
between the surface and subsurface flows across the transitional layer could provide a new
framework for modeling such e↵ects based on this unique dynamic connection between the
two flow regimes.
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Turbulent flows overlying permeable walls, permeable-wall turbulence, are encountered in
a range of environmentally- and industrially- relevant systems across seemingly disparate
fields of science and engineering. In the environmental context, permeable interfaces occur
over a broad range of scales (Ghisalberti, 2009), spanning from small-scale biological inter-
faces (Khakpour & Vafai, 2008) to large-scale geophysical systems, such as alluvial river
beds (Best, 2005) and aquatic and atmospheric canopies (Raupach et al., 1996; Nepf, 2012;
Coceal et al., 2007). In the case of geophysical systems, turbulence is actively involved
in morphodynamic as well as environmental processes (i.e. contaminant transport and ex-
change, Packman et al. (2004)). Due to their larger specific surface area, porous media (e.g.
foams, cylinder bundles, packed beds) are also prevalent in many industrial systems owing
to their ability to enhance the kinetics of processes such as heat and mass transfer. Mod-
ern nuclear plants (e.g. packed beds for nuclear reactors, Hassan & Dominguez-Ontiveros
(2008)), renewable energy sources (e.g. fuel cells, Wang et al. (2001)), and traditional fossil-
fuel source supply technology (e.g. wells for hydrocarbon reservoirs and CO2 geological
sequestration, Golding et al. (2011)) are relevant examples of industrial applications utiliz-
ing porous boundaries. However, despite the critical technological and social implications
of these flows and decades of research focused on developing representative theoretical and
numerical models, the physics of permeable-wall turbulence remains poorly understood.
A wall-bounded turbulent flow system that includes a permeable wall can be subdi-
vided into two distinct flow regions separated by a permeable interface, as illustrated in
Figure 1.1.The first is the surface (or free) flow region, which overlies the interface. The sec-
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Figure 1.1: Subdivision of flow over a permeable wall (Adapted Manes et al. (2009))
ond is the subsurface (or pore) flow region, which occurs within the permeable wall. While
the near-wall surface flow can be turbulent, deep within the subsurface the flow is often
laminar and can be described by Darcy’s law (a balance of viscous and pressure forces).
Thus, a region must exist between these two extremes where the flow undergoes a transition
from inertia-dominated turbulence to viscous-dominated, laminar flow across the permeable
interface. This region, termed the ’transitional layer’, is marked by significant momentum
and energy exchange and is the focus of increasing scientific interest. While the near-wall
surface flow is similar to that of a boundary layer overlying an impermeable surface, wall
permeability introduces new characteristic scales and complex flow mechanisms promoted
by the slip and penetration boundary conditions at the permeable interface.
The following section provides a brief overview on the macroscopic e↵ect of permeable-
wall turbulence. In addition, the flow characteristics and structural features that can be
subdivided into regions (i.e. surface, subsurface, and transitional region) of flow overlying
permeable walls are introduced.
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1.1 Macroscopic e↵ect
Due to the relaxation of wall-blocking e↵ects in permeable-wall turbulence, mass and mo-
mentum exchange between the surface and subsurface flow causes a significant ’injection’
(flow from the pore space to outer flow) and ’suction’ (flow from outer flow into the pore
space) event across the interface (Stoesser & Rodi, 2007; Suga et al., 2011). These turbulent
events drive near-wall momentum exchange, which is completely di↵erent from those in-
duced near impermeable walls. Consequently, this process results in a noticeable increase in
surface drag and thus higher rates of energy loss. In this regard, it is widely known that wall
permeability enhances the friction factor at the porous interface as compared to flow over im-
permeable surfaces. Zagni & Smith (1976) performed pitot-tube measurements in an open
channel flow over a permeable wall constructed of spheres. They reported that the friction
factor (f) over the permeable wall was higher than that produced by an impermeable wall of
identical topography. A similar e↵ect was also reported by Kong & Schetz (1982) and Zippe
& Graf (1983). This increase in f is likely associated with the enhanced energy dissipation
across the permeable interface owing to momentum exchange between the pore flow and
the surface flow. Further, Breugem et al. (2006) reported that f is permeability-dependent
and scales with the permeability Reynolds number, ReK (ReK = u⌧
p
K/⌫, where u⌧ is the
skin friction velocity, K is the permeability, and ⌫ is the kinematic viscosity). Manes et al.
(2011) attributed the rise in f to a progressively deeper shear penetration into the wall
with increasing ReK and introduced the concept of an ’e↵ective roughness’ that scales with
penetration depth,  p, and is limited by the wall thickness.
Several investigations demonstrated that this increase in f is accompanied by modifica-
tions of the near-interface flow structure. The degree of wall porosity and the wall thickness
are key parameters in controlling such modifications as they alter the intensity of the inter-
actions (Breugem et al., 2006; Suga et al., 2010; Manes et al., 2011). Manes et al. (2011)
reported a flow region outside the permeable bed wherein a logarithmic mean velocity pro-
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file exists, which is analogous to that observed in canonical smooth- or rough-wall turbulent
boundary layers. However, due to the influence of wall permeability altering structural char-
acteristics close to the interface, the Kárman coe cient, , of this log layer for a permeable
wall can be reduced from its nominal value in canonical smooth- and rough-wall turbulent
boundary layers ( = 0.24 ⇠ 0.39) and consistently decreases with increasing ReK . They
also reported that  decreases with increasing d/  (where d is a zero-plane displacement and
  is a boundary layer thickness) and that, since d is a characteristic length scale representing
shear penetration, d/  is e↵ectively the ratio of the inner and outer scales. More recently,
Kuwata & Suga (2017) observed a similar trend between the Karman coe cient and d/  that
 decreases as the increase of the inner length scale becomes more significant as compared
to that of the outer length scale.
Another distinctive feature of flow over permeable walls (including laminar flow) is an
inflectional shape of the mean velocity profile due to the transition process in momentum
between the surface and subsurface flow regimes. This inflection point resides at the wall-
normal location where @2U/@y2 = 0, which usually occurs at the permeable interface. In-
stability analysis (Drazin & Reid, 2004) reveals that velocity shear around the inflection
point may give rise to Kelvin-Helmholtz (K-H) type instabilities and thus induce large-scale
spanwise vorticity. This theory is widely admitted for canopy-type permeable walls (White
& Nepf, 2007; Nepf, 2012) as well as urban-type rough walls (Reynolds & Castro, 2008).
However, its application to more densely-packed porous structures remains unknown due to
a lack of experimental observations in the vicinity of the permeable interface.
1.2 Turbulence structure in the surface flow region
It is well-recognized that interactions across the interface of a permeable wall considerably
modify the structure and dynamics of near-wall turbulence whether the surface topography
is smooth or rough. In particular, attempts have been made to isolate the specific role
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of permeability utilizing smooth permeable walls for a better understanding of near-wall
dynamics induced by wall permeability. This is due to the fact that surface topography
considerably impacts the e ciency of momentum transport across the permeable interface
as it contributes to the transfer of stress from or to the porous medium (Rosti et al., 2015).
In recent studies, Breugem et al. (2006) employed a numerically modeled packed bed with
high porosity and small particle diameters, while Suga et al. (2010) and Manes et al.
(2011) used foam-type permeable walls (ceramic and polyurethane, respectively) that were
characterized by a homogeneous and isotropic porous structure with small filaments. Suga
et al. (2010) reported that the flow overlying these permeable walls becomes turbulent at a
lower ReK (Reb = HUb/⌫) than a smooth impermeable wall, suggesting that permeability
enhances the onset of turbulence. However, despite the e↵orts of Suga et al. (2010) and
Manes et al. (2011) to eliminate topographic e↵ects, the fine-scale texture of the foams
still influenced the near-wall flow, increasing the flow resistance and resulting in a flawed
comparison with Breugem et al. (2006).
One of the major di↵erences in the near-wall spatial structure between flow over imper-
meable (ReK = 0) and highly permeable beds (high ReK) is the disappearance of near-wall
longitudinal low- and high-speed streaks (Breugem et al., 2006), which typically occur in the
Figure 1.2: Two-dimensional snapshot of an instantaneous velocity fluctuation field (u,v) in
the streamwise-wall-normal plane for the case of high porosity (95%) (Adapted from Breugem
et al. (2006))
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bu↵er region of smooth-wall turbulence (Kline et al., 1967). Instead, relatively large span-
wise vortical structures were formed (Figure 1.2) due to a strong reduction in mean shear
originating from the relaxation of the wall-blocking e↵ect. This observation supports the
formation of Kelvin-Helmholtz type instabilities along the permeable interface and in turn
indicates an e cient transport process for streamwise momentum by such vortical structures
in the wall-normal direction. Further, statistical representations of the turbulence, repre-
sented by wall-normal profiles of the Reynolds normal stresses (u2,v2,w2) are very di↵erent
in the boundary layer above permeable walls in comparison to those over an impermeable
smooth wall. Although the overall behavior in turbulence structure is similar to impermeable
smooth-wall flow presenting clear peaks close to the wall interface, Breugem et al. (2006)
found that peak intensities are strikingly altered by the influence of permeability. For exam-
ple, the peak value in the streamwise Reynolds normal stress (u2)decreases with increasing
ReK , while that of the wall-normal (v2) and spanwise normal stresses (w2) increases. Due
to enhanced Reynolds shear stress (uv) by wall permeability, the peak value of the total
shear stress increases with increasing ReK , whereas the turbulent kinetic energy (TKE)
decreases. These structural alterations in near-wall turbulence occur at Reb = 5.5 ⇥ 103
and thus suggest that three-dimensionality of the flow over permeable walls plays a crucial
role in energy transfer across the porous interface even at relatively low Reynolds number.
A similar trend is found in the higher Re (Reb = 3   9 ⇥ 103) experiments of Suga et al.
(2010) and Manes et al. (2011) utilizing foam-type permeable walls. Quadrant analysis of
Reynolds-shear-stress-producing events by Manes et al. (2011) revealed that the near-wall
flow is characterized by intense sweep events (Q4) while the outer flow is dominated by
weaker ejection events (Q2). Such contributions from quadrant events across the boundary
layer are similar to flow over impermeable rough-walls due to a strong pressure drag induced
by topography and permeability and thus responsible for sweep events in the near-wall re-
gion. Suga et al. (2011) found that permeability enhanced the intensity and duration of
Q2 and Q4 events. They also reported that contribution from quadrant events is ReK de-
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pendent, such as enhancement in Q4 events (near-wall region) and reduction in Q2 events
(outer region) with increasing ReK .
It is well-established that the transport of energy and momentum in smooth-wall tur-
bulence is driven by the presence of large-scale coherent motions termed hairpin vortex
packets (Adrian et al., 2000b; Christensen & Adrian, 2001; Ganapathisubramani et al.,
2003). These large-scale structures are comprised of a series of hairpin-like vortices that
convect coherently, and they have been observed to be populating the inertial region (Head
& Bandyopadhyay, 1981). This concept appropriately contextualizes a number of previ-
ous observations on smooth-wall turbulence, including the inclined nature of shear layers in
the log layer (Liu et al., 1991), uniform streamwise momentum zones across the boundary
layer (Meinhart & Adrian, 1995), and the structural organization identified in a statisti-
cal sense (Christensen & Adrian, 2001). These large-scale vortex packets have been also
observed in flows over impermeable rough walls (Wu & Christensen, 2010; Volino et al.,
2007), although their streamwise coherence is reduced slightly in the roughness sublayer
owing to the interference of small-scale vortices shed from roughness elements. Utilizing
this structural taxonomy of turbulence over impermeable walls, Suga et al. (2011) proposed
Figure 1.3: Conceptual model of the development of coherent structures with hairpin vortices
over a permeable wall at a moderate permeability Reynolds number (Adapted from Suga
et al. (2011))
7
structural modifications imposed by permeability with a series of PIV measurements in flow
over ceramic foams varying with permeability. They found a train of hairpin vortices as an
imprint of coherent structures in the instantaneous PIV snapshot with Galilean decomposi-
tion (Adrian et al., 2000a). They also noted that while at the low ReK , the overall features
of the hairpin packets populated from the permeable wall are structurally similar to those in
flow over impermeable walls, their distinctive structure progressively decays with increasing
ReK . They suspect that this decay in structure stems from the role of permeability in in-
hibiting the development of the hairpin legs due to enhanced vertical fluctuations near the
wall interface as illustrated in Figure 1.3. For ReK > 3, the energetic sweep events were
found to impinge on the hairpin heads toward the wall, while the weaker ejections could not
sustain the organization of the legs. This decay in coherence provides an explanation for
the absence of longitudinal low-speed streaks with increasing ReK . This structural trend
with respect to ReK is also confirmed by streamwise spanwise PIV measurements of flow
over the same ceramic foam-type permeable walls (Suga et al., 2017). Suga et al. (2010)
also argued that the existence of hairpin vortices does not contradict the occurrence of K-H
structures as the latter ’could be superimposed onto the above events’ and may become
dominant as ReK increases. Manes et al. (2011) proposed a similar scenario, describing
the phenomena as a ’competing mechanism between shear instability eddies and attached
eddies’, the latter of which are associated with hairpin packets whose size scales with the
boundary-layer thickness,  . Manes et al. (2011) argued that permeability induces pene-
tration of these eddies into the porous bed and triggers the production of shear instabilities
that scale with the penetration depth,  p. Thus, the dominance of one mechanism over the
other may be governed by the ratio  / p, whereby for high  / p attached eddies dominate
whilst for low  / p K-H instabilities dominate.
In the outer region of the surface flow, the applicability of Townsend’s hypothesis of outer-
layer similarity Townsend (1980) remains an open question. This notion of similarity implies
that while the conditions at the wall set the bulk characteristics of the flow (outer length scale
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and wall friction), the turbulence in the outer layer adjusts itself to be similar to smooth-wall
flow when scaled with these characteristics. This similarity is often observed in flow over
impermeable rough walls for which the characteristic roughness height is small compared
to the outer length scale of the flow (Schultz & Flack, 2005; Wu & Christensen, 2007). In
the case of turbulence overlying a permeable wall, Breugem et al. (2006) reported that
such a condition was not achieved in their simulations, owing to the weakened wall blocking
e↵ect of the permeable wall with high porosity. Unlike Breugem et al. (2006), Manes
et al. (2011) showed similarity in the outer layer for both the mean and turbulence intensity
profiles. They attributed the occurrence of this outer-layer similarity to the relatively higher
Reynolds number of their experiments coupled with the much higher ratio between shear
penetration depth and the boundary-layer thickness ( / p) as compared to that of Breugem
et al. (2006).
1.3 Turbulence penetration into the subsurface flow
region
Evidence clearly suggests that the surface and subsurface flows of permeable-wall turbulence
must interact, with turbulence crossing the interface and penetrating to a significant depth
in the porous domain. The large, outer-layer eddies are typically blocked by the wall so long
as their scale exceeds that of the characteristic pore space size. Within the porous wall, the
flow fluctuations vanish dramatically (Breugem et al., 2006), undergoing a transition to a
laminar state. During this transition process, momentum is transferred from the freestream
to the pore flow through turbulence and from the pore flow to the solid matrix by viscous
e↵ects. Thus, the nature of the flow inside the subsurface region is highly complex and the
subject of debate.
Ru↵ & Gelhar (1972) conducted hot-wire measurements of flow over a foam-type porous
bed in a pipe flow and reported that mean velocities and turbulence intensities decayed
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exponentially within the permeable wall. This exponential decay in turbulence levels was
consistently observed in various experimental studies utilizing arrays of two-dimensional
circular cylinders (White & Nepf, 2007), cubically-packed beds of uniform spheres (Manes
et al., 2009; Horton & Pokrajac, 2009), randomly packed uniform spheres (Voermans et al.,
2017)), and natural sediment beds (Vollmer et al., 2002). In particular, Vollmer et al. (2002)
performed pressure measurements inside natural sediment beds and found that 90% of the
high-frequency fluctuations were dampened by y/Dp =  4.5 (where y is depth in the bed
and Dp is the particle diameter) while at y/Dp =  9 no pressure fluctuations were observed.
They also found that high-frequency oscillations vanished more rapidly than low-frequency
ones, suggesting that permeable walls act as low-pass filters. Vollmer et al. (2002) argued
that high-frequency oscillations originate from small-scale turbulence in the surface flow
and reported no clear linkage between large-scale structures and low-frequency oscillations.
A similar argument was made by Manes et al. (2009) conducting velocity measurements
using ultrasonic Doppler velocimetry inside the cubically-packed spheres. Based on the
result of two-point time correlations in the pore flow, they revealed the time scale of large-
scale streamwise pore flow to be approximately 10H/Ub (where H is the flow depth). This
scale corresponds to the typical time scale of the large-scale structures in the surface flow,
suggesting that the large-scale motion in the pore space (close to the wall interface) is
imposed by the large-scale surface flow. They also argued that the porous bed behaves as
a low pass filter as the turbulence induced by vertical flow penetration from the surface
flow region dissipates while approaching toward the bottom boundary of the porous domain.
A recent DNS study of a porous-walled channel flow at Reb = 3000 (Kuwata & Suga,
2016) reported a di↵erent decay rate with respect to Reynolds stress components. Within
uniformly interconnected cube arrays providing a porosity of 0.71, the wall-normal Reynolds
normal stress decays slower than the other normal stresses, while the Reynolds shear stress
decays rapidly, revealing the penetration depth of one cube length at most.
Unlike the accepted notion that the turbulent fluctuations decay in a monotonic manner,
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the behavior of the mean velocity profile within the bed is still under study. Manes et al.
(2009) measured the velocity utilizing the abovementioned ultrasonic profiler at various
depths inside cubically-packed spheres and found that the mean streamwise component of
velocity just underneath the permeable interface was lower than that at the layers below.
This observation challenges the classic notion of a monotonic mean velocity decrease, which is
well-established for laminar flow (Granger et al., 1989; Breugem, 2005). The most compelling
theory for this unexpected behavior is that turbulence, which controls surface-subsurface
interactions throughout the transitional layer, may be responsible for modifications of the
mean flow across the interface.
In addition to point measurements inside the subsurface region, the spatial structure and
the corresponding flow dynamics of the pore flow have been further explored using PIV mea-
surements. Due to limited optical access to targeted measurement locations within complex
porous media (even if transpoarent, this access is reduced by aberration and refraction),
specific measurement tools, unique facilities, or both must be employed to enable one to vi-
sualize the pore flow. Blois et al. (2012b) performed endoscopic PIV measurements inside a
cubically-packed bed of uniform spheres, allowing resolution of small-scale vortices and track
their evolution across the pore space. They showed that the instantaneous structure within
the pore space is dominated by jet flows, which generate turbulent eddies. These jet flows
could be horizontal, vertical or a combination of the two, with the temporal evolution of the
pore flow being a function of the intensity, direction, and duration of these jets. Blois et al.
(2012b) observed that high turbulence levels in the pore space are caused by the pulsating
nature of the pore jet flow and formation of associated coherent structures. They also found
that theory for such symmetrically-bounded porous domains cannot describe the flow in the
transitional layer of a turbulent freestream bounded by a permeable wall. In this layer,
they concluded that mean pore-flow patterns show clear asymmetries in the streamwise and
vertical components of velocity, as well as in the turbulence statistics. Further, Khayamyan
et al. (2017) utilized a randomly packed bed of monosized PMMA spheres submerged in a
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refractive-index matched working fluid, which rendered the porous bed optically transparent.
With this full optical access to the flow field within the bed, stereoscopic PIV measurements
were performed to investigate dynamics of the pore flow in a transition process from viscous
dominated to transitional and turbulent pore flow. Khayamyan et al. (2017) found that
flow dynamics inside randomly packed spheres varied rapidly with respect to the particle
Reynolds number (Rep = UintDp/⌫, where Dp is mean particle diameter) in a range from
20 to 3220. In this case, they reported a critical Reynolds number (Reb ⇠ 400) for which
the spatially averaged velocity fluctuation yield a maximum intensity and then decreases
with further increasing Rep. Also, these PIV results revealed that the flow transitions from
spatially ordered to disordered and then ordered again as Rep increases.
1.4 Turbulence interactions in the transitional layer
A complex transitional layer is created when the freestream turbulence crosses the perme-
able interface and penetrates to a significant depth into the porous domain or the pore flow
penetrates into the surface flow. This layer is of particular importance as it controls mass,
momentum, and energy transport across the interface and thus is key to understanding and
predicting physical phenomena in permeable-wall turbulence. Due to a mutual interplay be-
tween the surface and subsurface flows, turbulence structure in this layer is characterized by
broad, yet distinctive, length scales. Manes et al. (2009) used ultrasonic Doppler velocime-
try measurements inside cubically-packed spheres to identify the existence of a uniform and
periodic large-scale motion beneath the permeable interface, whose size is comparable to the
large-scale structure in the surface flow. At the same time, they also observed an imprint of
small-scale event sin the transitional layer, which may be associated with pore-scale eddies
locally generated within the porous medium. Further, Manes et al. (2011) postulated that
an important parameter to characterize the turbulent structure close to the permeable in-
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Figure 1.4: Iso-surface of constant pressure fluctuations for the first three eigenmodes, where
each row represents di↵erent wall porosities,   = 0,   = 0.8, and   = 0.95, respectively,
while the three columns represent first, second and third modes, respectively (Adapted
from Motlagh & Taghizadeh (2016))
speculated that the turbulence structure in the near-wall region is governed by a competing
mechanism between shear instability eddies and attached eddies. Therefore, the prevailing
mechanism of one over the other is dependent upon the ratio  / p, whereby for high  / p
attached eddies dominate whilst for low  / p shear instabilities eddies dominate. In the
vegetated flow context Nepf (2012), near-wall turbulence structure is also closely associated
with the ratio of shear penetration depth (dp) to canopy height (h). For dense canopies,
turbulence does not penetrate the entire canopy. The mean velocity profile thus contains
an inflectional behavior near the canopy top, which generates large-scale structures that
resemble K-H type vortices. For sparse canopies, since the shear layer penetrates the entire
canopy, the mean profile does not possess an inflection point, which yields a weakened shear
instability mechanism.
Under the influence of the shear (K-H) instability induced by wall permeability, the near-
wall structure was further investigated by proper orthogonal decomposition (POD) to explore
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the nature of dominant structures in the transitional layer. Kuwata & Suga (2016) extracted
the large-scale pressure perturbation above the wall interface utilizing a snapshot POD
method (Berkooz et al., 1993). They found clear and alternating spanwise transverse rolls of
pressure resulting from the K-H instability over the porous bed formed from interconnected
staggered cube arrays, while this coherence in structure disappeared above the impermeable
rough wall with identical surface topography. An LES study (Motlagh & Taghizadeh, 2016)
for fully developed turbulent channel flow over the same porous structures to Breugem
et al. (2006) used POD analysis to examine the influence of wall permeability on dynamical
features of the flow in the vicinity of the permeable interface. Visualizing the first three
eigenmodes for pressure fluctuations (Figure 1.4), coherent roll-up structures stretched in
the spanwise direction consistently appeared in the transitional layer for the highest porosity
case (  = 0.95) as a result of K-H instability, while the large-scale pressure fluctuations
lose their coherence with decreasing porosity. Similarly, POD analysis for the wall-normal
velocity fluctuations (  = 0.95) revealed that uniform and periodic large-scale up- and down-
welling structures resides across the wall interface. This result shows the importnace of the
large-scale vertical flow for the momentum and energy transport as a linkage between the
surface and subsurface flows.
1.5 Current Research
Despite growing attention to flows over permeable walls, the impact of wall permeability on
the surface and subsurface flows and the resulting turbulence interactions between these two
flow regimes has not been su ciently documented as compared to canonical wall-bounded
flow or classic rough-wall flow due to challenges both in computations and experiments. In
the case of Breugem et al. (2006), their simulation was limited to low Re, meaning that
they could not fully capture the turbulent motions over the permeable wall. Experiments, on
the other hand, face practical challenges in obtaining quantitative observations of the flow,
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particularly in the critical transitional layer near and within the porous bed. For example,
modern optical methods like PIV are severely restricted in this flow region due to light
reflection at the wall interface and/or the opaque nature of the wall (Pokrajac & Manes,
2009).
1.5.1 Objectives
With these challenges in mind, the current study experimentally explores the role of per-
meability and surface topography in surface subsurface turbulence interactions across the
interface of permeable walls. For this purpose, three individual questions were defined to
systemically achieve this goal:
1. How does wall permeability impact the surface flow and modify the boundary-layer
characteristics?
2. What is the nature of the subsurface flow?
3. How do the surface and subsurface flows interact across the wall interface?
In answering these questions, it is necessary to first establish a type of permeable struc-
tures. Of various natural or idealized porous beds (i.e. foam-type, natural sediment, cube
arrays, packed bed, etc.), regularly packed beds of uniform spheres are considered as the
targeted permeable wall model in the current work. This idealized permeable wall, which
mimics a coarse-grained river bed, has a particular feature in hydrodynamics resulting from
a rough surface that interacts with the surface flow as well as a high degree of pore con-
nectivity. Due to the presence of significant subsurface flow through the uncohesive grains
(hyporheic zone), the near-bed hyporheic flow is driven by the interplay between the surface
topography, or roughness (i.e. grains at the bed interface protruding into the surface flow),
and the permeability (interstitial fluid-filled spaces in the porous structure). Thus, investi-
gating turbulent flow overlying this packed bed will provide both theoretical and practical
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insights into surface and subsurface flow interactions under the influence of permeability and
topography (Pokrajac & Manes, 2009; Manes et al., 2009; Horton & Pokrajac, 2009)
For the current packed beds, it is then important to examine the geometrical parameters
of a packed bed that can play a role in the interface dynamics. Porosity is certainly one of
them (Breugem et al., 2006; Motlagh & Taghizadeh, 2016). However, past work (Rosti et al.,
2015) has pointed out that the topography of the interface may be key in defining the charac-
teristics of surface-subsurface interactions. Thus, the wall models considered herein include
an impermeable smooth wall, an impermeable rough wall and 5-layer permeable smooth and
rough walls with cubically-packed spheres, which will be detailed in the following chapter.
These wall models provide the opportunity to individually isolate the e↵ect of permeability
and topography to achieve a more holistic understanding of their roles in surface-subsurface
interactions.
Utilizing these wall models, the current research was performed in two parts. The first
part examines the statistical and structural character of the flow in each flow regime with
respect to the impact of topography and permeability. To do so, statistically independent
high-resolution PIV measurements were utilized in a refractive-index matching (RIM) fa-
cility to attain full optical access to the flow near and/or within the complex porous beds.
Based on this data, a comparative analysis is made in three ways to systemically identify
the role of topography, permeability, and both, including comparisons of i) impermeable
smooth vs. impermeable rough walls, ii) impermeable smooth vs. permeable smooth walls,
and iii) impermeable smooth vs. permeable rough walls, respectively. First- and second-
order velocity statistics are examined to determine flow modifications imposed by perme-
ability and topography above and within the permeable walls. Further, a double-averaging
method (Nikora et al., 2007; Manes et al., 2007) is employed to provide a global representa-
tion of the flow features induced by the current wall models. With regard to the transitional
layer, the flow interactions between surface and subsurface regions are investigated using
a range of statistical metrics to study the spatial structure associated with up- and down-
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welling events across the permeable interface.
The remaining part of this thesis is devoted to capturing spatio-temporal information of
the flow particularly in the transitional layer using time-resolved PIV measurements in the
same RIM facility. Utilizing the present permeable smooth and rough wall models, these
measurements enable one to explore the dynamic flow interactions between the surface and
subsurface regions in both space and time. For this purpose, amplitude modulation analysis
developed by Mathis et al. (2009) is utilized to study the interactions between the large scales
of the surface flow and the small scales just above and within the porous bed which allows
assessment of modulating phenomenon in permeable-wall turbulence as reported by Efs-
tathiou & Luhar (2018) using indirect measures. The purpose of these experiments is to
extend our understanding of the flow physics and of mechanisms associated with turbulence
interactions in the transitional layer of permeable-wall turbulence and ultimately provide





The experiments that form the basis of the current investigation include low-frame-rate
and high-frame-rate particle image velocimetry (PIV) measurements in the streamwise-wall-
normal (x-y) plane of turbulent flow overlying various cast acrylic wall models (detailed in
Section 1.2). To overcome the optical aberration and light reflection from the complex wall
models, a refractive-index matching (RIM) technique was utilized to successfully capture the
flow very close to the wall interface or even within the pore space. Impermeable smooth-wall
measurements were also conducted as a baseline against which the impermeable rough-wall
and permeable wall data sets can be compared.
2.1 Refractive-index matching (RIM) facility
All experiments in the current work were conducted in the small RIM facility at the Uni-
versity of Notre Dame (Blois et al., 2012a) - a closed loop liquid facility, operated by a 7.5
HP centrifugal pump (Fybroc 1530 pump with TECO/Westinghouse motor). Figure 2.1a
presents a scaled outline of the actual facility. This facility is designed to handle the corrosive
nature of the current working fluid (NaI solution) such as a fiberglass pump, resin-coated
fiberglass flow conditioning and di↵user sections, etc. The test section is 2.5 m long from
inlet to outlet, and its cross-section is 110 ⇥ 220 mm2. However, the actual cross-section,
connected to the contraction where the fluid enters, is 110 ⇥ 110 mm2 as a square duct.
Hence, as depicted in Figure 2.1b and 2.1c, the bottom half of the test section is a recessed
area, and a removable floor is mounted at the same level of the contraction to provide a
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smooth transition for the incoming flow at the inlet. The role of the recessed area herein is
that to allow the current permeable walls to be set in the bottom half of the test section,
giving the same cross-sectional area for the incoming flow to the one over the floor as illus-
trated in Figure 2.1d and 2.1e. To facilitate optical access to any internal site from various
angles, the entire test section and the floor were constructed with clear acrylic (Refractive
index, RI 1.49). A removable lid of the test section is attached by a series of clamps to
hermetically seal the entire facility, and this enables one to provide easy physical access for
setting up the experiment and performing PIV calibrations. The flow, driven by the pump,
is subsequently conditioned by a perforated plate, a honeycomb and three sets of screens
and enters the test section with a range of velocities that yield turbulent boundary layers
with a bulk Reynolds number of ⇠ 105 (or up to 1.0 m/s of freestream velocity). The entire
facility has a functioning volume of 240 liters of the working fluid.
An aqueous solution of sodium iodide (NaI), 63% by weight, was employed for the current
experiments. The specific gravity and kinematic viscosity (⌫) of the NaI solution at ambient
temperature are approximately 1.8 and 1.1⇥ 10 6 m2s 1, respectively. The refractive-index
(RI) of the solution is ⇠ 1.496 at 20 C (Budwig, 1994), it’s temperature is controlled using
an in-line heat exchanger, which allows fine tuning of the temperature with a resolution
of 0.1 C to minimize optical mismatch. Due to the sensitivity of the NaI solution to the
simultaneous exposure to oxygen and light (Blois et al., 2012a), the entire solution is stored
in a processor tank separated from the facility with a blanket of nitrogen under slight positive
gauge pressure. At the beginning of each set of experiments, the solution is filled into the
facility using an external pump before running the flow facility. During this process, the
solution can optionally be by-passed through a 0.25 µm absolute rated particle filter to filter
out the seeding particles when necessary. At the end of each set of experiments, the solution
is then transferred to the processor tank utilizing a vacuum pump to remove any oxygen
from the NaI solution and replace it with nitrogen. Simultaneously, the flow facility is filled






















Figure 2.1: (a) Scaled schematic of the small-scale RIM facility in which the current exper-
iments were conducted. (b) Side and (c) front views of the test section with a removable
floor. (d) Side and (e) front views of the test section with the current permeable smooth
wall model.
2.2 Wall models
2.2.1 Wall model characteristics
The inspiration for the current investigation stems from our interest in studying coarse-
grained river beds. Therefore, the wall models were intended to mimic the structural and
morphological attributes of such alluvial deposits, which are characterized by high poros-
ity and rough interface. Packed beds of spheres have been largely used in previous stud-
ies (Pokrajac & Manes, 2009; Manes et al., 2009; Horton & Pokrajac, 2009; Bomminayuni &
Stoesser, 2011) because these geometries, in spirit, encompass both characteristics. In this










Figure 2.2: Schematic representation of the wall models
utilizing simplified regular geometries comprise of packed spheres as presented in Figure 2.2.
This use of idealized geometries allows one to maximize control of the geometrical parameters
to avoid localized topographic e↵ects and facilitate comparison with simulation.
In constructing the wall models, two main geometrical parameters were considered: i) wall
porosity and ii) surface topography. For this purpose, an idealized cubic packing geometry
was chosen not only to maximize the size of the pore spaces available for imaging but also to
examine the detailed fundamentals of complex flows before considering more natural, random
packing geometries. In this regard, an impermeable rough wall was constructed by fixing
hemispheres (D = 25.4 mm, where D is diameter of the sphere) in a cubic arrangement on a
smooth plate to document the topographic e↵ect on the flow field in isolation (Figure 2.2b).
Two cubically-packed permeable rough walls (Figure 2.2d) were obtained by layering either
2 or 5 layers of uniform spheres (D = 25.4 mm), hence maintaining the same external to-
pography adjacent to the free flow but di↵erent depths of flow penetration. The present
cubic arrangement provides 48% of porosity, which is comparable to a canonical gravel river
bed (Darby, 2005). A permeable smooth wall (Figure 2.2c) was built upon the same packed
bed configuration; however, the upper half of the top layer was removed to achieve a hy-
draulically smooth surface condition with an identical pore structure to the permeable rough
case beneath the smooth wall. This feature of the permeable smooth wall model enables one
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to successfully isolate the e↵ect of permeability from that of surface topography. Finally, an
impermeable smooth wall (Figure 2.2a), which includes neither surface topography nor wall
permeability, was considered as a baseline of comparison.
2.2.2 Fabrication method
A critical component of this thesis involved developing a protocol to fabricate the transpar-
ent wall models. Of various possible methods, casting acrylic was utilized for wall-model
fabrication in this work because the casting method can easily and consistently reproduce
wall models from a given mold. Also, it neither contaminates the NaI solution nor hinders
optical access. For the first step of the casting process, a 9-inch long tile (9⇥ 4 inch2) for a
single layer of cubic-packed spheres was constructed by assembling pre-cast uniform spheres
as a template. The bond between spheres was achieved by UV-curing adhesive glue since
it provides easy control to place spheres at the correct position before applying UV-light
for curing and it leaves minimum residue at the contact point between spheres. Using the
obtained template, a negative silicon mold (Smooth-On Mold Star 30) was created after
de-gassing the silicon resin to remove any bubbles that could degrade the quality of the tile
texture. Lastly, an acrylic resin (Crystal Clear 200, RI⇠ 1.49) was used to cast the transpar-
ent tile of spheres. During this process, de-gassing (at  20 mm Hg.) and pressure casting
(at 60 psi for the first three hours)were subsequently applied to the acrylic resin before and
after pouring it into the mold to eliminate micro bubbles, which would cause inclusions
within the spheres which could cause significant light reflections which would contaminate
the PIV images near the surface where measurements are critical. Post curing was also
performed in an oven for 6 hours at 65 C. The acrylic tile was then de-molded and placed
on a flat surface for 3 days to achieve maximum physical properties. This casting process is
of particular importance to improve the optical quality of the acrylic tile, which is crucial to
achieve successful measurements of the flow near or within the complex wall models in the
current RIM facility.
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The current permeable rough wall was first formed by stacking up 4-layers of cast acrylic
tiles with cylindrical magnets (3/16”⇥1” Nickel plated cylindrical magnet) installed at each
corner sphere. Stacked tiles were then repeatedly placed on the base plate where cubically
packed hemispheres were already fixed to cover the entire test section. For the permeable
smooth wall model, the top layer of cast spheres was replaced with tiles of cast hemispheres
in cubic arrangement, turned upside down.
2.3 Particle-image velocimetry (PIV) experiments
2.3.1 Low-frame-rate PIV experiments
To explore the statistical and structural behavior of the surface and subsurface flows with re-
spect to the impact of topography and permeability, statistically independent, high-resolution
particle-image velocimetry (PIV) measurements were performed in the RIM facility as il-
lustrated in Figure 2.3a and Figure 2.4. Two di↵erent PIV setups were arranged depend-
ing on the type of wall model. An 11MP PowerView CCD camera (4k⇥2.8k pixel, 12-bit
frame-straddle CCD, TSI) and silver-coated hollow glass spheres as seeding particles (spe-
cific gravity of 1.9 and dp ⇠ 15 µm, where dp is the mean particle diameter) were utilized
for the impermeable rough wall case, whereas a 29MP PowerView CCD camera (6.6k⇥4.4k
pixel, 12-bit frame-straddle CCD, TSI) and silver-coated glass spheres as seeding particles
(specific gravity of 3.5 and dp ⇠ 2 µm) were employed for the rest of wall models. While
these latter seed particles are more dense than their 15-micron counterparts, their Stokes
number (ratio of particle relaxation time to the smallest relevant time-scale of the flow taken
herein as the viscous time scale, t⇤ = ⌫/u2⌧ ) is quite small (⇠ 10 410 5), meaning these par-
ticles serve as accurate tracers of the fluid motion (Adrian & Westerweel, 2011). In both
scenarios, a uniform laser sheet (⇠ 0.5 mm-thick)was formed using a Quantel EverGreen
Nd:YAG double-pulsed laser (200mJ/pulse) and the data acquisition rate was 0.5Hz.



















Figure 2.3: Schematic illustration of (a) the low-frame-rate PIV setup, and (b,c) the two
spanwise measurement locations in top and perspective view, respectively.
sistent with the work of Antonia & Luxton (1971) who reported that a turbulent boundary
layer perturbed by surface roughness achieves self-similarity when the streamwise fetch of the
roughness is greater than 15 -20 . In the present experiments, turbulent flow overlying the
current impermeable rough and both permeable walls was perturbed by topography, perme-
ability, or both modifying the boundary layer characteristics. Herein, 67 spheres downstream
corresponds to 34 -50 , which falls within the criterion to obtain a self-similar rough-wall or
permeable-wall boundary layer.
PIV images for the surface flow overlying the impermeable smooth wall were acquired in
the streamwise-wall normal (x y) plane at the spanwise center of the test section, while such
measurements in the rest of the wall cases were made at two spanwise locations (Figure 2.3b
and 2.3c), which are referred to as the ’Crest’ and ’Trough’ regions, respectively. The
crest region, which cuts through the roughness top, also corresponds to the spanwise mid-
plane of the test section. The trough region is 1/2  (where   is the spanwise wavelength of
the packing configuration, i.e. 2k herein, where k is a radius of the current packing sphere)
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Figure 2.4: Image of the (a) camera and optical setups in the actual RIM facility and (b)
the actual wall model (permeable rough wall herein) mounted inside the test section at the
measurement location.
away from the centerline. Unlike the impermeable rough wall case, the two locations for both
permeable walls possess very di↵erent boundary conditions along the wall interface due to the
presence of permeability. The interface on the crest region is locally impermeable, allowing
no flow penetration at this spanwise location. The trough region, however, has a fully open
(i.e. permeable) interface so that fluid exchange between the surface and subsurface regions
mainly occurs through this spanwise location. These two di↵erent measurement locations
allowed investigation of the spanwise flow heterogeneity introduced by surface topography
and wall permeability. By utilizing a double-averaging method (Nikora et al., 2007; Manes
et al., 2007), one can also evaluate the global behavior of the flow overlying di↵erent wall
models considered herein. Due to matched RI between the cast acrylic wall models and the
working solution, the pore flow for both permeable walls was also captured by conducting
independent PIV experiments at the same spanwise measurement locations (i.e. Crest and
Trough). In these cases, the field of view was shifted down to the subsurface flow region that
covers the entire pore space from the top to the bottom layer of spheres. These measurements
allowed further exploration of the dynamics of the pore flow interacting with the surface flow
based on the obtained spatial information.
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Five-thousand to 10, 000 statistically-independent image pairs were recorded for all wall
cases, while the number of image pairs for the impermeable smooth wall case was three
thousand. A multi-pass interrogation method was used to perform the correlation-based
interrogation of the PIV image pairs. In particular, for the crest case in each experiment,
vector fields were obtained with a final window size of 16 ⇥ 16 pixels and 50%, overlap
to satisfy Nyquist’s sampling theorem, whereas a larger,32 ⇥ 32 pixels window with 50%
overlap, was required for the trough cases owing to a thin circular region (⇠ 16 pixel)
of optical aberration around the rim of each spherical element due to slight RI mismatch
between the working fluid and the acrylic wall model that is exacerbated by the curvature of
the spheres. Increasing the window size to 32⇥ 32 pixels enabled us to minimize the impact
of this optical aberration on the cross-correlation and provided more accurate measurements
for the trough case. This will be further discussed in detail Section 2.5. Greater than 96%
of the obtained vectors were valid, after eliminating spurious vectors, which were identified
using absolute limit and median filters. Thus, a minimum need for vector replacement was
attained.
The experimental parameters for the current low-frame-rate PIV measurements are tab-
ulated in Table 2.1-2.2, and the corresponding boundary-layer parameters based on the
double-averaged flow quantities is summarized in Table 2.4.
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Table 2.1: Experimental parameters for the Low-frame-rate PIV measurements: Imperme-
able smooth and rough wall cases
Wall model Case Re✓ U e   Num. of Field Grid
images of view spacing
(m/s) (mm) (x  y) (µm)
Impermeable Smooth IS   2,730 1.02 25.5 3,000 2.3 ⇥1.6  180
Impermeable Rough IR-A Crest 2,510 0.40 49.3 10,000 6.2k⇥8.7k 280
(Surface flow) Trough 2,510 0.39 49.2 10,000 6.1k⇥8.5k 540
IR-B Crest 3,540 0.60 46.6 10,000 6.2k⇥8.7k 290
Trough 3,540 0.54 47.2 10,000 6.1k⇥8.5k 540
IR-C Crest 4,890 0.81 46.8 10,000 6.2k⇥8.7k 290
Trough 4,890 0.80 47.2 10,000 6.1k⇥8.5k 540
Table 2.2: Experimental parameters for the Low-frame-rate PIV measurements: Permeable
smooth wall case
Wall model Case Re✓ U e   Num. of Field Grid
images of view spacing
(m/s) (mm) (x  y) (µm)
Permeable Smooth PS-A Crest 2,500 0.39 50.3 5,000 13.5k⇥9.4k 220
(Surface flow) Trough 2,500 0.39 49.3 5,000 13.3k⇥9.2k 430
PS-B Crest 3,470 0.57 44.9 5,000 13.5k⇥9.4k 220
Trough 3,470 0.57 48.4 5,000 13.3k⇥9.2k 430
PS-C Crest 4,840 0.78 44.9 5,000 13.5k⇥9.4k 220
Trough 4,840 0.78 48.0 5,000 13.3k⇥9.2k 430
Permeable Smooth PS-A Crest 2,500     4,000 13.7k⇥9.1k 430
(Subsurface flow) Trough 2,500     4,000 13.6k⇥9.0k 430
PS-C Crest 4,840     4,000 13.7k⇥9.1k 430
Trough 4,840     4,000 13.6k⇥9.0k 430
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Table 2.3: Experimental parameters for the Low-frame-rate PIV measurements: Permeable
rough wall case
Wall model Case Re✓ U e   Num. of Field Grid
images of view spacing
(m/s) (mm) (x  y) (µm)
Permeable Rough PR-A Crest 3,340 0.44 55.0 5,000 13.2k⇥9.1k 180
(Surface flow) Trough 3,340 0.44 58.3 5,000 13.1k⇥9.2k 430
PR-B Crest 5,200 0.66 57.1 5,000 13.2k⇥9.1k 180
Trough 5,200 0.66 60.8 5,000 13.1k⇥9.2k 430
PR-C Crest 7,550 0.91 60.6 5,000 13.2k⇥9.1k 180
Trough 7,550 0.91 63.5 5,000 13.1k⇥9.2k 430
Permeable Rough PR-A Crest 3,340     4,000 13.7k⇥9.1k 430
(Subsurface flow) Trough 3,340     4,000 13.6k⇥9.0k 430
PR-C Crest 7,550     4,000 13.7k⇥9.1k 430
Trough 7,550     4,000 13.6k⇥9.0k 430
Table 2.4: Boundary-layer parameters based on double-averaged flow quantities.
Wall model Case hUie   d u⌧ Reb Re⌧ Re✓ ReK
(m/s) (mm) (mm) (m/s)
Impermeable Smooth IS 1.02 25.5   0.036 20,000 880 2,730  
Impermeable Rough IR-A 0.39 49.3 2.7 0.024 13,600 1,030 2,510  
IR-B 0.59 46.6 2.7 0.035 19,200 1,430 3,540  
IR-C 0.81 46.9 2.7 0.048 26,700 1,970 4,890  
Permeable Smooth PS-A 0.39 49.8   0.023 13,700 1,040 2,500 25.3
PS-B 0.57 46.7   0.034 18,600 1,420 3,470 36.9
PS-C 0.78 46.4   0.045 25,000 1,880 4,840 49.0
Permeable Rough PR-A 0.44 65.5 3.8 0.030 16,600 1,530 3,340 32.2
PR-B 0.66 67.0 4.6 0.046 25,200 2,450 5,200 49.3
PR-C 0.791 69.2 5.6 0.066 35,940 3,710 7,560 71.0
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2.3.2 High-frame-rate PIV experiments
Time-resolved PIV measurements were conducted using two high-speed Phantom V641
CMOS cameras, which were mounted at each side of the test section and allowed the si-
multaneous capture of the surface and subsurface flows as illustrated in Figure 2.5a. Both
cameras were run with a maximum resolution of 2, 560 ⇥ 1, 600 pix2 (4MP) at 600Hz ac-
quisition rate (600 vector fields per second). A Northrop Grumman PA-505 Nd:YLF laser
was employed to generate a uniform laser sheet (⇠ 1   mm thick). The image acquisi-
tion and laser emission were controlled and synchronized by a TSI timing controller. The
aforementioned silver-coated glass spheres, which have a specific gravity of 3.5 and a mean
particle diameter of 2 µm, served as PIV tracer particles in these experiments. Measure-
ments were made 67 spheres downstream of the inlet, i.e. the same streamwise location of
the low-frame-rate PIV measurements.
PIV images in the streamwise wall-normal (x   y) plane were recorded at the ’trough’
region. As illustrated in Figure 2.5b, this trough region resides 1/2  (where   is the spanwise
wavelength of the roughness configuration, i.e. 2k herein) away from the spanwise centerline
of the test section and thus has a fully open (i.e. permeable) interface, allowing non-zero
vertical exchange of the flow. As depicted in Figure 2.5c, the current PIV setup gives two field
of views (FOV), individually aimed to capture the surface (sFOV) and subsurface (pFOV)
flow regions in the streamwise wall-normal (x  y) plane. The sFOV is designed to capture
the surface flow, which covered about 8k (where k is a radius of the packing spheres) in
the streamwise direction and extended from below the permeable interface to 4.3k above.
The pFOV resided beneath the wall interface extending downward to the second pore space
(2.5k⇥4k). This pFOV enabled e↵ective capture and resolution of the pore flow interacting
with the surface flow.
Both permeable smooth and rough wall experiments were performed using the afore-
























Figure 2.5: Schematic illustration of (a) the high-frame-rate PIV setup, and (b) the mea-
surement locations , and (c) field of views for the surface flow (sFOV) and the pore flow
(pFOV).
a temporal sense. For each permeable smooth and rough wall case, 2,736 and 2,000 time-
correlated PIV snapshots per dataset were recorded running at 600Hz for a duration of ⇠ 4.5
s and ⇠ 3.3 s, respectively. Twenty-five such datasets were then collected to have an ensem-
ble time series with 68,400 and 50,000 vector fields for each permeable smooth and rough
wall case, respectively. Davis 8.1.3 from LaVision was utilized to perform all PIV processing.
Image processing including sliding background filter and particle intensity normalization was
first applied to enhance the signal-to-noise ratio of the particle images. The PIV image pairs
for sFOV were processed using a multi-pass interrogation method with a final window size of
16⇥ 16 pixels and 50% overlap to satisfy Nyquists sampling theorem, while a larger, 32⇥ 32
pixel window with 50% overlapped was required for the pFOV images to keep the smallest
turbulence structure consistent with the sFOV case. Spurious vectors were eliminated using
absolute limit of the vector range and universal median filter so that greater than 97% of the
obtained vectors were valid, which required minimal vector replacement. The experimental
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parameters for the time-resolved PIV measurements and the corresponding boundary-layer
parameters are summarized in Table 2.5 and Table 2.6, respectively.
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Table 2.5: Experimental parameters for the time-resolved PIV measurements
Wall model Case FOV Reb U e Acq. Rate No. of No. of Fields Grid spacing Duration
Dataset per Dataset
(x  y) (m/s) (Hz) (µm) (s)
Permeable Smooth sFOV 8k ⇥ 4.3k 25,000 0.78 600 25 2,736 325 3.5
pFOV 2.5k ⇥ 4k     600 25 2,736 310 3.5
Permeable Rough sFOV 8k ⇥ 4.3k 25,150 0.66 600 25 2,000 325 3.5
pFOV 2.5k ⇥ 4k     600 25 2,000 310 3.5
Table 2.6: Boundary-layer parameters based on double-averaged flow quantities for the time-resolved PIV measurements
Wall model U e   d u⌧ y⇤ t⇤ Reb Re⌧ Re✓ ReK
(m/s) (mm) (mm) (mm) (m/s) (µm)
Permeable Smooth 0.78 46.4   0.045 24.7 560 25,000 1,880 4,840 49.9
Permeable Rough 0.66 58.9 4.6 0.046 24.1 530 25,100 2,450 5,200 50.3
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2.4 Challenges in PIV processing
In the RIM facility, performing PIV experiments close to the permeable interface is a promis-
ing idea to study the structural modification of the boundary layer and its resulting surface
and subsurface flow interactions across the wall interface. However, there is an important
challenge that must be carefully considered. Despite a closely matched RI between the work-
ing fluid (i.e. RI⇠1.496) and the acrylic wall models (i.e. RI⇠1.498), a small mismatch in
RI and the complex nature of wall models employed herein leads to non-negligible optical
refraction that specifically occurs around the rim of the packed spheres. To illustrate this
e↵ect, a sample PIV image obtained at the trough region of the PR-A case is presented in
Figure 2.6a-b. Figure 2.6a present captured particle images within the spherical element
represented by yellow dashed lines due to the closely matched RI. If the RI of the solution
perfectly coincides with that of the acrylic model, the sample image should embody clear
and crisp particle images with no optical aberration. However, it is apparent that elongated
and blurred particle images exist along the rim of the packing spheres in Figure 2.6b as de-
marcated by the yellow dashed lines. This e↵ect is due to the fact that even with a small RI
mismatch, optical refraction becomes severe when a light wave passes through multiples of
the spherical elements at higher incident angle. In other words, the curvature of the sphere
amplifies the optical refraction that causes blurry particle images around the rim. At the
crest region, in contrast, optical aberration no longer exists in a raw PIV images since a solid
phase of the spheres is maximized at this measurement plane so that the flow is only present
outside the spherical element as displayed in Figure 2.6c-d. As a result, the occurence of
the optical refractions in PIV images at the trough region corrupted the cross-correlation
in data processing and in turn produced strong bias both in instantaneous and ensemble
averaged velocity field as can be observed in the contour map of wall-normal velocity (V )
shown in Figure 2.6a and 2.6c.




Figure 2.6: Influence of optical refraction around the rim of the packed spheres in a PIV
image (PR-A crest and trough case). (a) Trough region: section of PIV image after back-
ground subtraction; (b) Trough region: zoomed-in view near the wall interface to highlight
the optical refraction; (c) Crest region: section of PIV image; (d) Crest region: zoomed-in
version near the wall interface.
RI in the current work, neither image processing nor any options in cross-correlation mitigate
this e↵ect at the trough region. Instead, a mask was placed on this region where the optical
refraction occurs. In addition, a larger final interrogation window (⇠ 32 pix2) was applied
in the PIV processing to minimize a biased cross-correlation particularly inside the spherical
element, whereas 16 pix2 of the final interrogation window was utilized for the data acquired
at the crest region. As presented in Figure 2.7b and 2.7d, the mask excludes biased vectors
both in instantaneous and ensemble averaged velocity fields. Although this mask removes a
portion of the region of interest where the turbulence interactions actively occur, the current
PIV measurements in the RIM facility still resolve the majority of flow around the permeable
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Figure 2.7: Contour maps of (a) instantaneous and (c) ensemble averaged wall-normal veloc-
ity without applying a mask around the rim of spheres for PR-A Trough case. Same contour
maps of (b) instantaneous and (d) ensemble averaged wall-normal velocity, but with mask
to reduce the influence of optical refraction.
interface and provide important spatial information about the surface and subsurface flow
interactions that the earlier PIV experiments (Pokrajac & Manes, 2009; Manes et al., 2009)
could not. The mask around the rim of the packing spheres was consistently used in all PIV
images at the trough region throughout the experiments.
2.5 Error analysis
In this section, the uncertainty in the statistical quantities of the low-frame-rate PIV mea-
surements over various wall models is analyzed. Mejia-Alvarez (2010) reported a compre-
hensive discussion of the errors in PIV experiments and their propagation through the mea-
surement system as well as into the turbulence statistics. As highlighted in Mejia-Alvarez
(2010), the random nature in turbulence is a predominant error in the present 2D-PIV
measurements. Thus, we only considered the random error herein based on a systematic
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assessment.
Random error stems from two main sources: inherent random fluctuations in the tur-
bulent flows and errors in the digital PIV measurement system. Following Mejia-Alvarez
(2010), the total random error in the velocities is thus defined as:
 (U) =
q
[ s(U)]2 + [ sp(U)]2, (2.1)
where  s(U) and  sp(U) correspond to the sampling error of the turbulent velocity signal
and the sub-pixel accuracy in PIV measurements, respectively. The sampling error,  s(U),
reflects the convergence of statistics in turbulent fluctuations with respect to the sample
size. Hence, the sampling error of a turbulent velocity signal can be expressed as the ratio






where U and u0 are mean and fluctuating velocity components, respectively after Reynolds
decomposition from the total velocity u as u0 = u U . Eq.(2.2) indicates that in the current
x y datasets, the sampling error varies as the turbulent intensity (hu02i1/2) varies with wall-
normal elevation (y). Despite this dependence on y, the maximum value of the turbulent
intensity was chosen (rather than, for example, its average), which can be extracted from
line-averaged profiles of the Reynolds normal stresses. Consequently, this value represented
an upper bound of the sampling error as a conservative measure of uncertainty.
In addition to the sampling error, the measurement error in the current PIV experi-
ments is attributed to two primary sources: the peak-locking e↵ect and the uncertainty in
the estimation of the sub-pixel displacement. Both of these uncertainties are directly as-
sociated with the particle-image diameter (Westerweel, 1997; Christensen, 2004). As was
highlighted in Christensen (2004), the peak-locking e↵ect becomes appreciable in the mea-
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Figure 2.8: Histograms of particle displacements for two representative cases of the experi-
ment after ensemble averaging of 100 instantaneous snapshots: (a,b) IR-A Trough case and
(c,d) PR-A Trough case.
surement uncertainty when the particle-image diameter is less than 2 pixels. In the current
work, the particle-image diameter uniformly falls within 2-3 pixels, and the error associated
with the peak locking is thus rendered negligible. Figure 2.8 presents histograms of particle
displacement after ensemble averaging of one hundred instantaneous snapshots. Since two
di↵erent PIV measurement systems (i.e. 11MP vs. 29MP CCD cameras) were utilized in
the low-frame PIV experiments, IR-A Trough and PR-A Trough cases are considered herein
as representative examples for each measurement system. For both cases, the histograms
of particle displacement in Figure 2.8 show an absence of the peak locking e↵ect in the
present low-frame PIV measurements. Thus, the dominant measurement error results from
inaccuracies in the estimation of the sub-pixel displacement. According to Prasad et al.
(1992), this error is approximately 5% of the particle image diameter, which corresponds to
 sp( ⇠)max = 0.15 pixels in the current work as an upper boundary on the uncertainty (par-
ticle image diameter taken here as 3 pixels). Note that the sub-pixel accuracy is inversely
proportional to the sample size in the same manner as the sampling error in eq.(2.2) due to















where M and  t are the magnification of and the time-delay between PIV image pairs,
respectively. Consequently, the total random error of the ensemble velocity components in
all cases through the present low-frame PIV experiments is summarized in Table 2.7.
Based on the obtained random error, the percentage uncertainty in turbulence statistics
was computed following with Mejia-Alvarez (2010). To form a relative percentage uncer-
tainty, normalization is made by a characteristic value of the random variable of interest. In
the current x   y experiments, this characteristic value is the free-stream velocity (U e) for
the streamwise and wall-normal velocity components. In the case of the Reynolds stresses,
the characteristic value is the product of the standard deviationsd for the velocity compo-
nents of interest (i.e.  2u for "(u
02),  2v for "(v
02), and  u v for "(u0v0) herein). With this,
the percentage uncertainty of the mean turbulence quantities for all cases of the low-frame
PIV experiments is reported in Table 2.8. It should be noted that the turbulence quantities
in Table 2.8. are scaled in inner variables utilizing the friction velocity (u⌧ ). In the current
work, the modified Clauser chart method is used for u⌧ estimation (see Section 2.7.3), and
according to Volino et al. (2011), this estimation has an uncertainty of approximately 4-6%
that should be taken into account for the present percentage uncertainty.
Further, progressive averaging of the mean turbulence quantities was conducted for the
above-mentioned two cases (i.e. IR-A Trough and PR-A Trough) as representative examples
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from each measurement system. This exercise was done to illustrate the convergence of the
average turbulence quantities as a function of sample size. In this exercise, mean turbulence
statistics were obtained at a single point that resided in the middle of a shear layer shed
from the hemispherical surface topography (i.e. xref/k = 2 and yref/k = 0.5 in Figure 2.7
for PR-A Trough case). Thus, mean statistics acquired at this point where the flow is highly
fluctuating provides a minimum convergence rate. The results from Figure 2.9 and 2.10 show
a clear convergence of the turbulence quantities for both IR-A Trough and PR-A Trough
cases under the current PIV data sets.
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Figure 2.9: Example showing the convergence of turbulent quantities as a function of sample
size for IR-A Trough case.







































Figure 2.10: As figure 13, but for the PR-A Trough case.
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Table 2.7: Random errors on an ensemble basis for all cases of the low-frame-rate PIV
experiments
Wall model Case n  s(U)  s(V )  sp(U)  sp(V )
(m/s) (m/s) (m/s) (m/s)
Impermeable Smooth IS   3,000 0.0033 0.0008 0.0020 0.0006
Impermeable Rough IR-A Crest 10,000 0.0009 0.0005 0.0004 0.0002
(Surface flow) Trough 10,000 0.0008 0.0004 0.0006 0.0001
IR-B Crest 10,000 0.0014 0.0008 0.0008 0.0003
Trough 10,000 0.0012 0.0006 0.0008 0.0003
IR-C Crest 10,000 0.0018 0.0010 0.0016 0.0004
Trough 10,000 0.0017 0.0008 0.0019 0.0004
Permeable Smooth PS-A Crest 5,000 0.0011 0.0005 0.0013 0.0004
(Surface flow) Trough 5,000 0.0010 0.0005 0.0013 0.0004
PS-B Crest 5,000 0.0017 0.0007 0.0019 0.0007
Trough 5,000 0.0014 0.0007 0.0011 0.0006
PS-C Crest 5,000 0.0016 0.0009 0.0015 0.0007
Trough 5,000 0.0019 0.0009 0.0026 0.0009
Permeable Rough PR-A Crest 5,000 0.0011 0.0006 0.0013 0.0004
(Surface flow) Trough 5,000 0.0012 0.0006 0.0013 0.0004
PR-B Crest 5,000 0.0017 0.0010 0.0019 0.0007
Trough 5,000 0.0018 0.0010 0.0011 0.0006
PR-C Crest 5,000 0.0025 0.0014 0.0015 0.0007
Trough 5,000 0.0026 0.0015 0.0026 0.0009
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Table 2.8: Percentage uncertainty of the mean turbulence quantities in inner units for all
cases of the low-frame-rate PIV experiments







(%) (%) (%) (%) (%)
Impermeable Smooth IS   5.01 5.00 5.40 6.37 6.68
Impermeable Rough IR-A Crest 5.01 5.00 5.18 5.81 5.96
(Surface flow) Trough 5.01 5.00 7.35 5.64 7.80
IR-B Crest 5.01 5.00 5.19 5.22 5.40
Trough 5.01 5.00 5.22 5.20 5.41
IR-C Crest 5.01 5.00 5.19 5.24 5.42
Trough 5.01 5.00 6.58 5.20 6.73
Permeable Smooth PS-A Crest 5.02 5.00 6.35 6.04 7.20
(Surface flow) Trough 5.02 5.00 6.67 6.03 7.47
PS-B Crest 5.02 5.00 6.36 6.24 7.37
Trough 5.01 5.00 6.00 6.03 7.47
PS-C Crest 5.01 5.00 6.12 5.94 6.92
Trough 5.02 5.00 6.65 6.14 7.55
Permeable Rough PR-A Crest 5.01 5.00 6.31 5.86 7.01
(Surface flow) Trough 5.02 5.00 6.32 5.86 7.02
PR-B Crest 5.02 5.00 6.33 5.93 7.08
Trough 5.01 5.00 5.84 5.82 6.65
PR-C Crest 5.01 5.00 5.84 5.76 6.50




In the current work, three-dimensionality of the local instantaneous flow structures are preva-
lent in the near-wall region due to the presence of large hemispherical roughness elements
and the interface porosity. This results in a significant spatial variability of the flow in
both the streamwise and the spanwise directions. Thus, unlike canonical smooth-wall flows,
the mean wall-normal profiles of flow quantities over the wall models considered herein are
strongly dependent on the particular x   z location. To obtain large-scale information of
the flow, the double-averaging method can be used. This method assumes that spatially av-
eraged velocity profiles provide a faithful representation of the main physics. Nikora et al.
(2007) proposed to combine time (or ensemble) averaging of the flow measurements with
spatial averaging and demonstrated that, if the spatial variability of at least one roughness
wavelength is considered, this method enables one to attain flow statistics that represent the
global impact of the roughness on the mean flow. While this averaging method is extremely
useful for complex topographies, it is often faced with technical challenges owing to lack of
accurate flow measurements with su cient spatio-temporal resolution, particularly within
the valley of a topography (Mignot et al., 2009; Pokrajac & Manes, 2009). In the current
investigation, PIV measurements coupled with the RIM technique allow full optical access
through the complex geometry of the present wall models in order to minimize these issues.
Double averaging based on the approach of Nikora et al. (2007) is achieved by averaging
in time and then in space, over a volume with a spanwise domain size smaller than the length
scale of the roughness element. For a generic flow variable (✓), the Reynolds decomposition,
formally represented by ✓ = ✓ + ✓0, allows one to decompose each instantaneous velocity
measurement into two terms: a fluctuating component, ✓0, and in its time average, ✓. The
time average can be decomposed as ✓ = h✓i+✓̃, where the brackets h.i, denote plane-averaged
quantities. As such, h✓i is the double average and ✓̃ is the local deviation.
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The double average is obtained by integrating the velocity at a given elevation, y. Above
the roughness crest, this operation is straightforward as the integration domain is constant.
In contrast, below the crest one must consider that the fluid occupies only a fraction of the
total volume and thus requires careful definition of the integration domain at each elevation.
For this reason, two approaches can be followed in computing the double averages (Nikora
et al., 2007; Mignot et al., 2009). The first is termed the ’intrinsic’ double average and
the second is called the ’superficial’ double average. These two approaches used to attain












Ui(x+ r, y) dS, (2.7)
Af =  Ao, (2.8)
where Ao and Af are the total area and the area occupied by fluid at a given elevation
respectively, and r is the vector describing Af around the position x at a given wall-normal
elevation y. The main di↵erence between these two averages is whether the actual fluid
fraction below the crest top is considered or not. This fluid fraction  (y) = Af/Ao is called
roughness geometry function or porosity (Nikora et al., 2007). In Figure 2.11a, the roughness
geometry function for the current cubically-packed hemispherical topography is presented as
a function of the wall-normal position. Below the crest top (y = 0), the fluid fraction varies
depending on the roughness geometry, while it reaches unity at the roughness crest. The
superficial average can be expressed as the product between the roughness geometry function
and the intrinsic average, hUiis(y) =  (y)hUii(y). Figure 2.11b shows the double-averaged
streamwise velocity profiles for the case of IR-A computed using the two double averaging
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Figure 2.11: (a) Wall-normal distribution of the roughness geometry function (porosity)
for the cubically-packed hemispherical topography. (b) Double-averaged streamwise velocity
profile for the case of IR-A. •: intrinsic;  : superficial; dashed line: location of the crest top
(y = 0).
methods described in eq.( 2.6) and (eq. 2.7). By definition, above the roughness crest, the
two profiles coincide since  (y) = 1. Below the crest, both profiles show a clear di↵erence as
the bottom wall approaches. The intrinsic profile shows larger magnitude and a quasi-linear
trend, whereas the superficial profile rapidly decays to zero. It is worth noting that such
di↵erences are purely an e↵ect of the roughness geometry function and not the e↵ect of two
di↵erent physical phenomena. Due to an integration with the roughness geometry function,
the superficial profile in Figure 2.11b shows an inflectional shape particularly around the
roughness crest as reported in earlier literature for urban canopies (Coceal et al., 2007;
Reynolds & Castro, 2008). This inflectional behavior in the velocity profile induced by the
superficial double-averaging has been interpreted as a signature of a mixing-layer type or
flow along the top of the bed roughness. In our analysis, the superficial double-averaging is








Figure 2.12: Schematic representation of the length scales associated with the flow over the
cubically-packed rough wall. The dashed line corresponds to the virtual origin (zero-plane
displacement).
2.6.2 Virtual origin (or zero-plane displacement) estimation
In this section, the methods that utilized to quantify the length scale to normalize the ex-
perimental data is detailed. The thickness of the turbulent boundary layer,  , is used as
the outer length scale. While the upper edge of the boundary layer can be unambiguously
determined from the experimental data, several references could be used as the origin (e.g.
crest, valley), particularly when the present large hemispherical surface topography is added
on the wall. Figure 2.12 shows a schematic of the coordinate system for the current im-
permeable rough wall case. In the system, the wall-normal coordinate, y, is measured from
the virtual origin d (also called zero-plane displacement). The estimate of the location of
the virtual origin can be obtained using di↵erent approaches. The accuracy of this estimate
directly a↵ects the estimate of  . Maximizing this accuracy is of particular importance in
the current work due to the fact that the present roughness element is large and comparable
to the thickness of the boundary layer and thus any bias becomes significant. In this regard,
an accurate virtual origin estimation is a key factor to provide an appropriate comparison
to other studies.
The virtual origin in the current work was estimated utilizing the modified Clauser chart
method (also called fitting method). This method was initially proposed by Perry & Li



















































Figure 2.13: Schematic representation of the length scales associated with the flow over the
cubic-packed rough wall. Horizontal dashed line corresponds to the virtual origin (zero-plane
displacement).
the location of the virtual origin d to maximize the linear fit in the logarithmic region of the
mean velocity profile. A recent study (Chan et al., 2015) reported its higher accuracy rather
than other estimations based on the centroid of the pressure drag (Jackson, 1981) or zero-
mean velocity (Ryu et al., 2007). Following Mejia-Alvarez (2010), this fitting method was
applied to the double-averaged velocity profile for the impermeable rough wall case (IR-A)
in this section. Figure 2.13 presents a correction process to maximize the linear fit following
a straight line in the semi-logarithmic plane. Detailed equations and corresponding variables
for the current fitting method will be discussed further in Section 2.7.3. Consequently, d is
placed at 0.213k below the crest top for the present IR-A case, and this magnitude in d is
consistent through all of the current impermeable rough wall cases (i.e. IR-A, IR-B, and IR-
C) independent of the Reynolds number. This consistency supports the notion that, when
the flow satisfies fully rough conditions, the virtual origin is an intrinsic quantity of each
roughness topography (Stull, 2012). The values found in this process are in good agreement
with those reported in previous studies (see Table 2.9).
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Table 2.9: Previous studies that report virtual origin estimates for hemispherical rough walls
using the fitting method
Measurements Flow Roughness k+s  /k Reb d/k
arrangement
Grass et al. (1991) LDA Open Cubic 79.2 4.1 5,110 0.22
channel
Defina (1996) Pitot tube Open Hexagonal 288 2 ⇠ 1, 200 ⇠ 0.22
channel 19.6 58,800
Dancey et al. (2000) LDA Open Hexagonal 68 22.5 10,280 0.3
channel
Singh et al. (2007) DNS Open Hexagonal 102 3.2 3,110 0.19
channel
Bomminayuni & LES Open Cubic 95 6.8 13,680 0.2
Stoesser (2011) channel
2.6.3 Friction velocity estimation
The friction velocity u⌧ is evaluated by two di↵erent methods, the modified Clauser chart
method (u⌧,MCCM) and the total shear stress method (u⌧,TSS) based on the double-averaged
mean velocity and Reynolds shear stress profiles, respectively. In this section, IR-A case is
considered to specifically illustrate the detailed estimation process.
The modified Clauser chart method is an extended version of the Clauser chart method
(Clauser, 1956) for rough-wall turbulent boundary layers. It enables one to deduce the
friction velocity, u⌧ , the virtual origin o↵set, d, and the roughness function,  U+, assuming
the presence of a logarithmic region of the mean velocity profile in the overlap region (100 
y
+  0.15 +). Since the origin of coordinates of the instrument did not coincide with the
virtual origin of the current impermeable rough wall flow, the o↵set, d, introduced in the wall-
normal coordinate of the log law valid for rough-wall turbulence. Following Mejia-Alvarez
(2010) modified to the current experimental data, the mean flow of rough-wall turbulence










(y + d)] + A  U+. (2.9)
Instead of utau, velocity normalization can be made with the free-stream velocity, hUie,










































which defines a family of curves of the variables hUieỹ/⌫ and hŨi/hUie, while u⌧ plays
a role as the parameter of the family. This curve utilizes the free-stream velocity, hUie
as a normalization factor instead of the friction velocity. Thus, an assumption for the u⌧
estimation is no longer required in this family of curves. In principle, the modified Clauser
chart method (i.e. MCCM henceforth) begins from the correction process for hUi and y until
the logarithmic region of the data coincides with a curve of the above-defined family. As
will be discussed below, this correction process should be systemically performed to ensure
accuracy of the results.
Figure 2.14a presents two correction steps necessary to compute MCCM utilizing a
double-averaged velocity profile for the impermeable rough wall case (IR-A). Various colored
solid lines in Figure 2.14a correspond to the family of curves defined by eq. 2.11, and it must
be noted that the parameter u⌧/hUie increases upwards across the family of curves. As
was shown in Figure 2.12 for the virtual origin estimation, the first step in implementing
MCCM is to correct the origin until the number of data points following a straight line in
the semi-log plane (hUieỹ/⌫   hŨie/hUie) is maximized. This step is illustrated by arrow






























































Figure 2.14: (a) Correction process in implementing MCCM for u estimation for IR-A case.
(b) final result in the MCCM in comparison with the impermeable smooth wall profile (IS).
vertical dashed lines that represent the logarithmic region. Following the first correction,
the slope of the logarithmic region, highlighted by the red solid line between vertical dashed
lines, is found to not coincide with the slope of the surrounding lines belonging to the family
(hUieỹ/⌫ hŨie/hUie). Hence, the velocity, hŨie/hUie, must be adjusted by shifting upward
until the slope of the logarithmic region of the data matches the slope of one of the lines of
the family. This adjustment step is illustrated by arrow (2). In the final result, the profile
coincides with the line for which u⌧/hUie = 0.0598, and thus the friction velocity can be
finally determined through the MCCM.
It should be noted that the friction velocity could also be independently estimated by
the total shear stress method utilizing the obtained double-averaged Reynolds shear stress,
huvi, profiles (Schultz & Flack, 2005). In principle, this method relies upon the presence
of nearly constant huvi at the outer edge of the logarithmic region. Based on the mean mo-
mentum equation for a turbulent boundary layer, the friction velocity, u⌧ , can be described








A di↵erence in the friction velocity between two estimation methods (i.e. u⌧,MCCM vs.
u⌧,TSS) falls within 5% for all the cases examined in the current work. Thus, u⌧,MCCM is
considered as a main velocity scale for the data normalization and represented by u⌧ with
no subscription hereafter.
2.6.4 Roughness sublayer estimation
The roughness sublayer is defined as the region where the flow is directly influenced by the
roughness. This roughness sublayer typically extends roughly 3   5k away from the wall,
where k is a measure of the roughness height (Raupach et al., 1991). Recently, various
attempts have been made to quantitatively assess the upper boundary of the roughness
sublayer (Cheng & Castro, 2002; Pokrajac et al., 2007a; Florens et al., ????). In the current
work, a method similar to Cheng & Castro (2002) was used for the roughness sublayer
estimation. Cheng & Castro (2002) defined this boundary as the wall-normal elevation
where the vertical distributions of shear stress from various measurement locations on the
aligned cube array begin to converge. In this study, the convergence height where the
deviation of the double-averaged shear stress starts to fall below 5% is chosen for the all
cases. By this definition, the upper height of the roughness sublayer for the IR-A case, for
example, is positioned at ⇠ 0.6  as highlighted by the vertical dashed line in Figure 2.15a. To
be specific, Figure 2.15 presents wall-normal distribution of a percentage di↵erence between
the double averaged and local shear stress profiles normalized by a peak intensity defined
as:




In Figure 2.15b, the percent di↵erence drops beflow % after 0.6  This converging height
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Figure 2.15: Vertical profiles of the (a) local (i.e. at the crest and trough) and double-
averaged Reynolds shear stress and (b) the percentage di↵erence defined in eq. (2.12) for
IR-A case. Vertical dashed line represents the upper extent of the roughness sublayer based
on a 5% metric.
corresponds to ⇠ 3.1k from the bottom wall, which agrees well with a typical range of the
roughness sublayer, reported by Raupach et al. (1991).
2.6.5 Permeability estimation
Independent measurements of permeability (K) for the cubically-packed bed were not made,
so permeability estimation was performed utilizing the Carman-Kozney equation (Breugem







where   is porosity and Dp is diameter of the packing sphere. This equation gives K =
1.47⇥10 6 m2 for the current cubic packing arrangement of uniform spheres. Thus, the range
of the permeability Reynolds number (ReK = u⌧
p
K/⌫) in this study was 25 ⇠ 71,which
falls within typical range for simplified gravel river beds (Manes et al., 2009; Voermans et al.,
2017).
2.7 Flow character
As the test section employed in this study is of square cross-section, the character of the flow
at the measurement locations presented herein were characterized to determine any possible
influence of secondary flows that are known to form in channels of this cross-section (Huser &
Biringen, 1993; Pinelli et al., 2010). A separate wall-parallel PIV experiment was conducted
with all channel walls smooth to measure the penetration depth of the side-wall boundary
layers at the present measurement locations. This depth was found to be 25 mm from
each side wall, meaning that these boundary layers were still developing in the streamwise
direction and therefore did not meet at the channel center (as would be required for the
flow to be fully developed), thus leaving a region of ⇠60 mm in the core of the channel
that is unperturbed (i.e., constant mean velocity and minimal turbulence levels; i.e., a ’free
stream’ region). Measurements of the flow between the top and bottom walls of the channel
(with the bottom wall being the location of all wall models presented herein) under smooth-
wall conditions also confirmed a boundary-layer thickness of 25 mm on both walls, similarly
leaving a core region of the flow in the channel center (⇠60mm) where the mean velocity was
constant and the turbulence levels were minimal (a ’free stream’ region). As these top and
bottom-wall boundary layers similarly did not meet at the channel centerline, the present
flows were not fully developed and instead represent independent boundary layers that were
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still developing on all of the walls at the streamwise position of the PIV measurements
presented herein. Even for the rough-wall models, PIV measurements validate the existence
of a core flow region of constant mean velocity and minimal turbulence levels between the
bottom-wall boundary layer and that along the top wall, again indicating a free-stream core
region between the two boundary layers.
Finally, to validate the character of the boundary layers that developed in this square
channel, Figure 2.16 presents the mean velocity profile and turbulence profiles measured in
the bottom boundary layer under smooth-wall conditions, contrasted against canonical, zero-
pressure-gradient turbulent boundary layer data from DNS (Schlatter & Örlü, 2010a) and
hot-wire measurements (Örlü & Schlatter, 2013) at a similar Re. The developing bottom-
wall boundary layer in the current square channel at the streamwise measurement location
of all data presented herein is remarkably comparable to that of a canonical smooth-wall
turbulent boundary layer in both a mean sense and in terms of its turbulence characteristics.
Here, the modified Clauser chart method (Perry & Li, 1990) was applied to determine the
existence of a logarithmic region in the profile and, once identified, the friction velocity,
u⌧ , for this bottom-wall boundary layer (within 5% of that estimated using the total stress
method (Schultz & Flack, 2005). The boundary-layer thickness,  , was taken as the wall-
normal position where the mean velocity was 99% of the free-stream. Although not shown
for brevity, the top-wall boundary layer under the most severe bottom-wall conditions where
the bottom boundary layer is thickest shows very similar consistency with canonical, smooth-
wall turbulent boundary layer data, indicating that, even in this more extreme case where
the bottom boundary layer is within 20 mm of its top counterpart, the character of the



















































Impermeable smooth, Re  ~ 2730
DNS, Re  ~2540
Hot-wire, Re  ~2440
(a)
(b)
Figure 2.16: Profiles of (a) mean streamwise velocity and (b) Reynolds stresses for the
smooth, bottom-wall turbulent boundary layer at the streamwise measurement location il-
lustrating the canonical nature of the boundary layers that develop in the square channel.
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Chapter 3
Impermeable rough wall: Role of
topography via low-frame-rate PIV
This chapter examines turbulent flow over large hemispherical roughness in a cubic arrange-
ment. This chapter includes a brief overview of the large-rough-wall flow that is characterized
by the low aspect ratio of the boundary layer thickness to the roughness height, resulting in
an insu cient scale separation. This overview enables one to have a better understanding
of the present flow characteristics over a large hemispherical rough wall that is quite di↵er-
ent from those in a canonical rough-wall flow, but representative of a number of rough-wall
scenarios in nature.
In this work, the topographic e↵ect on the flow structure across the boundary layer is
investigated utilizing first- and second-order velocity statistics from the acquired x y plane
datasets. The analysis and results are meant to address the spatial heterogeneity of the local
flow imposed by the present surface topography in the near-wall region. They also reveal
structural similarity independent of the relative roughness arrangement in the outer region.
The emergence of a log layer in the double-averaged mean streamwise velocity profile in semi-
log form will be discussed herein despite what is often thought to be an insu cient scale
separation due to the current large-rough-wall flow condition. All of this analysis sets the
stage for comparison with the flow overlying the permeable rough wall which has identical
surface topography (Chapter 5). In this regard, the quantitative and qualitative results
reported in this work can be served as a baseline of comparison to highlight the permeability
e↵ect on the near-wall flow characteristics.
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3.1 Overview of the large-rough-wall flows
Oftentimes turbulent boundary layers (TBLs) in natural environments develop over relatively
large surface irregularities (e.g. mountain terrains, urban sites, gravel-bed rivers) and, in
certain cases, are constrained within relatively narrow channels (e.g. shallow rivers, canyons).
The geometrical parameters that aid in describing such environmental flows, such as  /k
(where k is the roughness height,   is the boundary-layer thickness or depth of the flow
domain), which quantifies the scale separation between the large scales of the flow (via  )
and the flow scales generated by roughness (via k), can fall outside the typical ranges that
define ’canonical’ rough-wall boundary layers (Raupach et al., 1991). In canonical rough-
wall flow, a significant scale separation exists between the large scales and the roughness
scale (typically  /k > 40) and the outer flow is found to be only indirectly influenced by the
presence of roughness through its action in setting the drag at the surface and   (in boundary
layers). This concept of outer-layer similarity implies that the outer-layer flow is similar to
that of flow over a smooth wall when its statistics are normalized to account for the increased
drag due to roughness, while flow in the roughness sublayer (a region approximately 5k away
from the wall) is directly altered by roughness and so its behavior is intimately tied to the
character of the topography. When  /k becomes small such that the roughness sublayer
and the outer layer are no longer distinctly separate regions of the flow, the character of the
TBL can be quite di↵erent. We term such flows as large-rough-wall (LRW ) flows, for which
the flow domain can be either confined or unconfined. For unconfined domains, the LRW
condition occurs when  /k is relatively low. Though the boundary between this behavior
and that of a canonical rough-wall flow is still not definitively known, the literature indicates
 /k ⇠ 19 as a threshold (Flack et al., 2007). When the flow is confined (either an internal
flow (duct, channel, pipe) or a free-surface flow), the relevant metric would be H/k, where
H is the depth of the flow domain. For these cases, confinement inhibits the development
of a TBL and the literature suggests a value of H/k > 29 to consider such e↵ects negligible
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(Krogstad et al., 2005).
Large roughness conditions are abundant in the geophysical realm, including rivers and
atmospheric boundary layers, and thus are especially central to large-scale fluvial applica-
tions. For example, such flows have been studied in the field of river hydraulics where flows
over coarse-gravel beds and/or large infrastructures tend to produce LRW conditions due
to low  /k ratios (Nakagawa et al., 1991; Manes et al., 2007; Mignot et al., 2009). In fluvial
systems with relatively shallow flow domains (low H/k), the presence of a free surface may
limit the development of a boundary layer, resulting in even more dramatic modifications of
the flow structure induced by the roughness. In fluvial applications, the parameter relative
submergence, H/  (whereH is the flow depth, and  is the roughness scale) is typically used
as the analogue to H/k and LRW flows are often referred to as small relative-submergence
flows (1  H/   2 ⇠ 5; see Nikora et al. (2001)).
3.1.1 Structural characteristics in the large-rough-wall flow
Herein we focus on LRW flows with extreme conditions, meaning that the boundary-layer
thickness (or flow depth) is comparable to the roughness scale. Despite the importance of
such flows in a range of practical applications, our fundamental knowledge of the physics of
such LRW flows remains limited. Previous studies have highlighted some of the key struc-
tural modifications induced by LRW conditions as compared to more canonical rough-wall
flows that have been extensively studied. In particular, unlike canonical rough-wall flows,
the LRW condition results in the development of two distinct flow layers: the roughness sub-
layer and the outer layer. However, owing to weak scale separation, the flow modifications
induced by roughness can often greatly influence the character of the outer layer. Thus, the
relatively large size and protrusion of the roughness elements away from the wall generates
strong and distinctive flow interactions that can propagate into the outer layer. In addition,
the near-wall turbulence is sensitive not only to the shape but also to the arrangement of
the roughness elements, resulting in additional spatial heterogeneity of the boundary layer
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(Castro et al., 2006). These two observations may explain why, in heterogeneous roughness,
the flow structure in the roughness sublayer is spatially dependent upon the topography
and a range of turbulent length scales are present (Raupach et al., 1991). Finally, these
flows are typically characterized by the absence of an overlap region (i.e. the log layer),
where the energetic momentum exchange typically occurs between the outer large scales
and the smaller scales in the roughness sublayer (Blackman & Perret, 2016; Pathikonda &
Christensen, 2017).
The spatial variability in such flows was observed in experiments involving a number
of di↵erent roughness topographies, such as staggered cubic arrays (Cheng & Castro, 2002;
Castro et al., 2006) and hemispherical roughness (Dancey et al., 2000; Nikora et al., 2001).
These studies showed that, despite the periodicity of the topography, the local flow properties
are highly heterogeneous in the vicinity of the roughness and that the vertical distribution
of the mean flow quantities varies significantly within the roughness sublayer. Despite the
spatial complexity of the flow in this region, recent studies suggest that, for such simplified
geometries, a dominant turbulence scale exists and it is linked to the characteristic size of
the elements comprising the roughness. By using two-point correlation analysis based on
hot-wire measurements over a staggered array of cubes, Castro et al. (2006) highlighted the
existence of structural coherency in the flow produced by the eddies shed by the roughness
elements, with the size of these eddies defining the characteristic length scale in the roughness
sublayer. They concluded that the length scale of the statistically dominant eddy structure
shed from the cubic roughness is of the same order as the roughness height, k. Hong
et al. (2011) provided similar evidence to this observation by performing near-wall PIV
measurements in a fully developed channel flow overlying uniform and periodic pyramidal
roughness elements. Spatial velocity spectra revealed that turbulence scales corresponding
to multiples of the roughness height embodied excessive energy in the roughness sublayer. A
similar coherence in scale has also been found in large-scale field observations. For example,
PIV measurements performed near a coastal-ocean bottom boundary layer showed a sudden
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increase in the number of eddies comparable to the characteristic size of the roughness height
as the bed is approached (Hackett et al., 2011).
3.1.2 Roughness sublayer estimation
Consensus on the quantitative metrics to estimate the thickness of the roughness sublayer
remains challenging, in part due to the fact that a the roughness height k lacks full char-
acterization of the roughness features. Raupach et al. (1991) reviewed a number of studies
of vegetated flow and other engineering roughness and found that, due to such variability
of parameterization, the outer extent of the roughness sublayer can fall in a rather large
range of 2 ⇠ 5k away from the wall. Focusing on sandgrain and mesh-type roughness, the
equivalent sand-grain roughness height, ks (the sandgrain size that yields the same drag
observed on a specific roughness topography) was proposed by Flack et al. (2005, 2007) as
a more appropriate representative length scale to estimate the maximum penetration of the
roughness sublayer into the flow. They concluded that, using such parameter, the roughness
e↵ect throughout most of the boundary layer is confined to a region of approximately 3ks
away from the wall. These observations have often been used as standard references in many
rough-wall studies (Nikora et al., 2001; Poggi et al., 2004; Flack et al., 2005; Wu & Chris-
tensen, 2007; Lee et al., 2008). Other studies developed alternative methods to quantify
the upper limit of the roughness sublayer. For example, Cheng & Castro (2002) compared
vertical profiles of velocity statistics obtained at di↵erent spatial locations over a rough
wall and defined the upper boundary of the roughness sublayer as the wall-normal position
where eventually these profiles converged. Pokrajac et al. (2007a) used the double-averaged
Reynolds shear stress profile and defined the outer extent of the roughness sublayer as the
elevation where the standard deviation between the smooth- and rough-wall flow profiles fell
below 5%.
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3.1.3 Townsend’s wall-similarity hypothesis in the
large-rough-wall flow
The influence of roughness on the outer layer is an important consideration. Townsends wall-
similarity hypothesis (Townsend, 1980) states that, at high Re, the flow in the outer region
should be independent of the near-wall flow except for the latter setting the drag at the wall.
In the context of rough-wall turbulence, this implies that at high Re (which is equivalently
high spatial separation via large  /k), the outer-layer flow should be una↵ected by roughness
except for the role of roughness in setting the drag at the surface. A detailed review by
Jiménez (2004) points out that such similarity can be achieved in the ’well-characterized’
rough-wall turbulent boundary layer for  /k > 40. However, while many studies confirm the
existence of outer-layer similarity in rough-wall turbulence (Raupach et al., 1991; Flack et al.,
2005; Wu & Christensen, 2007; Manes et al., 2011), other studies suggest that roughness
e↵ects can indeed penetrate the outer layer even if  /k > 40, specifically when the roughness
is predominantly 2D (transverse square bars, for example) (Krogstadt & Antonia, 1999;
Antonia & Krogstad, 2001; Bergstrom et al., 2002).
For unconfined flows overlying large roughness elements, recent studies suggest the ap-
plicability of Townsends hypothesis within a certain range of scale separation (Castro,
2007; Singh et al., 2007; Amir & Castro, 2011; Bomminayuni & Stoesser, 2011). Castro
(2007) reported a series of wind-tunnel experiments over a wide variety of large roughness
(2 <  /k < 33) and found that the mean flow in the outer region is insensitive to the nature
of the three-dimensional roughness, even with surprisingly large roughness elements (down
to  /k > 5). Further validation of Townsends hypothesis for large roughness was provided
by (Amir & Castro, 2011) who explored rough walls in the range 2.5 <  /k < 25. They
concluded that wall similarity was achieved for  /k?6.67. Similar observations have been
made for cases of large roughness in confined flows (low H/k ratio). Although the values of
H/k are inherently limited by the confinement of the flow (geometry or free-surface depth),
61
recent studies reported the applicability of Townsends hypothesis. Burattini et al. (2008)
conducted hot-wire measurements in a fully-developed turbulent channel flow over large-
scale, two-dimensional square bars (H/k = 10) and found good agreement between smooth-
and rough-wall channel data for all Reynolds normal stresses. Similarly, Birch & Morrison
(2011) reported hot-wire measurements in a turbulent channel flow over a large-scale, three-
dimensional mesh-type roughness (H/k = 12.7) and showed evidence in the mean velocity
and turbulence statistics supporting the wall-similarity hypothesis. Despite the observations
of these studies, the applicability of the wall-similarity hypothesis to extreme LRW remains
unknown.
3.2 Double-averaged mean flow and Reynolds stresses
As noted in Section 2.7.1, a global representation of the flow perturbed by the large rough-
ness is sought using the double-averaging approach. The double-averaged mean streamwise
velocity profiles in semi-log form are presented in Figure 3.1. In addition, the smooth-wall
profile is included for comparison. All double-averaged profiles presented display a clear
logarithmic region. Using the modified Clauser chart method, the von Kármán constant, ,
for all cases in Figure 3.1 was found to be consistent and equal to  ⇠ 0.38. As expected, all
rough-wall profiles reflect a downward shift away from the smooth wall profile. This shift,
termed the roughness function, is typical of rough-wall boundary layer profiles and is asso-
ciated the increased drag (primarily pressure drag due to flow separation at the elements)
induced by the roughness and is a function of Re (until all drag is form drag and the skin
friction coe cient becomes independent of Re and the flow is termed fully rough).
Figure 3.2 presents the mean streamwise velocity defect in inner scaling (i.e., by u⌧ ) and
in the ZS scaling (which has been previously shown to remove Re and roughness e↵ects in
this defect). Figure 3.2a displays decent collapse with the smooth-wall profile, above 0.15 ,












Figure 3.1: Semi-logarithmic plot of double-averaged velocity profiles in inner scaling. Solid










Figure 3.2: Velocity defect form of the double-averaged streamwise velocity scaled in (a)
inner and (b) Zagarola and Smits scaling.
removed in this scaling. A similar behavior is noted in the ZS scaling in Figure 3.2b as all
profiles collapse irrespective of Re above 0.15 . This agreement substantiates the accuracy




















Figure 3.3: Double-averaged profiles of (a) rms streamwise velocity, (b) rms wall-normal
velocity, (c) Reynolds shear stress in inner scaling, and (d) correlation coe cient between
streamwise and wall-normal velocity fluctuations. Vertical dashed line represents the upper
limit of the roughness sublayer.
Figures 3.3a and 3.3b show root-mean-square (rms) profiles of the double-averaged
streamwise and wall-normal fluctuations, respectively, in inner scaling. The rms streamwise
velocity profiles exhibit a clear peak hui+rms that resides near the crest top ((y+d)/  ⇠ 0.06),
similar to that reported in previous studies that utilized similar surface topographies with a
small relative submergence condition (Manes et al., 2007; Singh et al., 2007; Bomminayuni &
Stoesser, 2011). The wall-normal location of this peak is spatially coincident with the crest
height of the hemispheres. In contrast, the rms wall-normal velocity profiles (Figure 3.3b)
display a plateau rather than a sharp peak, with a maximum that occurs further from the
wall. Despite these di↵erences, the rms profiles show relatively good agreement with the
smooth-wall case above 0.15 deg, though the rough-wall profiles tend to cluster together
and di↵er slightly from the smooth-wall case. Closer inspection of this cluster for both rms
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velocities indicates very little sensitivity to Re.
The double-averaged Reynolds shear stress profiles in Figure 3.3c show similar trends
to the rms velocity profiles, including clustering of the rough-wall profiles together that
presents good consistency with the smooth-wall case. The correlation coe cient profile
in Figure 3.3d, which is a shear stress structure normalized by the rms velocities  Cuv =
 huvi/(huirmshvirms), also shows a good agreement between the rough-wall and smooth-wall
profiles outside 0.15 , similar to that reported by Singh et al. (2007) and Bomminayuni &
Stoesser (2011).
3.3 Local mean flow and Reynolds stresses
To di↵erentiate from the global profiles already presented, the term ’local flow’ is used herein
to refer to a streamwise-averaged flow along a given spanwise measurement position (crest vs.
trough). The mean velocity profiles obtained at each spanwise measurement location for the
highest Re cases of the current rough wall (i.e. IR-C Crest and IR-C Trough) are presented
in Figure 3.4a in order to highlight local flow modifications. The mismatch between the
two profiles due to the spanwise heterogeneity of the flow induced by the relative roughness
arrangement highlights the vertical extent of the roughness sublayer. In Figure 3.4a, the
profiles display a large deviation within the roughness sublayer (⇠ 0.6 ), which is consistent
with results reported by Pokrajac & Manes (2009). While the flow along the crest region
(red) su↵ers a severe momentum deficit due to the physical protrusion of the roughness
element resulting in flow separation and exchange of momentum, a higher-momentum flow
is observed in the trough region (blue). Reverse flow is apparent at both spanwise locations,
though stronger along the crest plane as it passes through the mid-span of the separation
from each hemispherical element. As these mean velocity profiles transition from reverse flow
to positive streamwise flow above, there exists an inflection point in each profile. The wall-




















Figure 3.4: (a) Local mean streamwise velocity profiles for the highest Re case (i.e. IR-C)
normalized by Ue. (b) Semi-logarithmic plot of the local velocity profiles in inner scaling.
Vertical dashed line in local velocity plot corresponds to the upper extent of the roughness
sublayer, and solid line in the semi-logarithmic plot demarcates the log region.
to 1k and 0.5k) for the crest and trough regions, respectively.
The same roughness profiles are presented in Figure 3.4b but in inner scaling along with
the smooth-wall profile and the corresponding double-averaged velocity profile. While the
double-averaged mean velocity profile displays a clear log region, neither the crest nor trough
profile show a similar trend. Instead, while these local profiles for the crest case collapse
one-another in the outer region, the crest profile sits below the double-averaged one and the
trough one sits above.
Figure 3.5 presents the local mean velocity profiles in defect form for the impermeable
rough wall in comparison to the smooth-wall case. The inner-scaled defect (Figure 3.5a)
shows excellent agreement with the smooth-wall profile in the outer region. In Figure 3.5a,
there exists a clear mismatch between the crest and the trough profiles below the outer layer
which is indicative of strong spanwise heterogeneity near the wall. These di↵erences decrease
with increasing wall-normal position until ⇠ 0.4  where they converge on to the smooth-wall
result. Similar trends are noted in the defect profiles presented in the ZS scaling as shown in
Figure 3.5b. The collapse of these defect profiles again supports the accuracy of the virtual
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Figure 3.5: Local velocity defect form of the mean streamwise velocity scaled in (a) inner
and (b) Zagarola and Smits scaling.
origin and of the u⌧ estimation in the current study.
Profiles of the local rms velocity and Reynolds shear stress are presented in Figure 3.6.
In Figure 3.6a-c, all profiles at the crest and trough regions display a relative insensitivity
to Re, likely due to fully-rough conditions being achieved. However, the profiles at the crest
and trough positions have noted di↵erences between them, with the crest profiles showing
more intense turbulence levels than those from the trough owing to separation and shear-
layer formation just downstream of each hemispherical element near its crest top (residing
at (y + d)/  ⇠ 0.06). In the trough region instead, a significant reduced level of turbulence
is noted in the range of 0.06 < (y + d)/  < 0.6, including in comparison to smooth-wall
flow. For example, the Reynolds shear stress profiles (Figure 3.6c) have a peak for the crest
case (uv+ ⇠ 0.9 at (y + d)/  ⇠  0.06), whereas the crest region shows a drastic decrease in
magnitude as the wall is approached. Finally, it is observed that the wall-normal locations
of the local Reynolds shear stress peak in both the crest and trough regions are coincident
with the wall-normal locations of the inflection points in the corresponding mean velocity



























Figure 3.6: Local profiles of (a) rms streamwise velocity, (b) rms wall-normal velocity, and (c)
Reynolds shear stress. Vertical dashed line corresponds to the upper extent of the roughness
sublayer.
and trough profiles slowly disappear above 0.6  in all rms velocity and Reynolds shear stress
profiles.
3.4 Local flow structure within the roughness
sublayer
3.4.1 Two-point spatial correlation
Two-point spatial correlation coe cients of streamwise velocity, defined as:
⇢uu(rx, y; yref ) =




Figure 3.7: Two-point spatial correlation of streamwise velocity (⇢uu) at the (a) crest and (b)
trough region centered at yref = 0.1, 0.3, 0.5, and 0.7. The contour spacing is 0.1, and the
outer most contour is ⇢uu =0.5. Solid line demarcates a rim of the hemispherical roughness
and dashed line represents a projection of the roughness element onto the measurement
plane.
are computed to explore the modifications of the spatial structure of the flow within the
roughness sublayer. Here, rx is the spatial separation in the streamwise direction, yref is
the fixed wall-normal reference position at which the correlation maps are calculated, and
 u is the rms of the streamwise velocity. Figure 3.7 presents contour maps of these two-
point correlation coe cients at each measurement plane. The highest-Re case (i.e. IR-C) is
considered for the simplicity. Four di↵erent wall-normal positions served as fixed reference
points (yref = (y + d)/  =0.1, 0.3, 0.5 and 0.7) to investigate the spatial structure and its
variation from the near-wall to the outer regions of the flow. As shown in Figure 3.7a and
3.7b, a remarkable di↵erence in the spatial structure between the crest and trough region
is noted, particularly at yref = 0.1. This structural heterogeneity decreases away from the
wall, and, at yref = 0.7, both the crest and trough cases show a qualitatively similar trend
in ⇢uu.








Figure 3.8: Streamwise profiles of streamwise velocity autocorrelation coe cient, ⇢uu, at (a)
(y + d)/ = 0.1 and (b) (y + d)/ = 0.7. The crest case is red, and the trough case is blue.
through points farthest from the self-correlation peak on each of the five contour levels: 0.9,
0.8, 0.7, 0.6 and 0.5 (Christensen & Wu, 2005). At yref=0.1, the average inclination angle for
the three Reynolds number cases at the crest region is 14.5  ± 1.5 , while the trough region
presents a significantly lower angle (10.5  ± 1.2  at yref = 0.1). These results reflect that
the flow structure along the crest position is inclined away from the wall due to the direct
and mutual interferences by the hemispherical roughness and the streamwise coherence near
the wall is drastically reduced, likely due to smaller-scale structure shed from the roughness
that populate this region. Conversely, the channeling e↵ect along the trough position reflects
a streamwise elongation, resulting in a lower inclination of these structures. The average
inclination angles at yref = 0.7 for the crest and trough cases are 8.4 ± 0.8  and 8.3 ± 0.9 ,
respectively, which indicates that the spatial heterogeneity vanishes in the outer region.
To quantitatively examine the local spatial structure, one-dimensional profiles of ⇢uu
through the self-correlation peak, centered at the fixed wall-normal reference locations, are
plotted in Figure 3.8. These profiles better reflect the characteristic streamwise extent of ⇢uu.
For the sake of brevity, only the highest Re-case is presented, and two wall-normal reference
points (0.1  and 0.7 ) are considered to highlight the spatial structure in the roughness
sublayer and in the outer layer. Figure 3.8a shows a distinct divergence between the crest
and trough cases, again confirming a clear spatial heterogeneity of the flow depending upon
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the local surface topography within the roughness sublayer. In the outer region, both crest
and trough profiles agree well with that of the smooth wall case, reflecting a diminishing
roughness e↵ects in the outer region in the spirit of wall similarity (Figure 3.8b). This
spatial trend is also observed in ⇢vv (not shown herein for brevity), but it is smaller-scale
in nature and more sensitive to the influence of the roughness than ⇢uu as it embodies the
smaller-scales shed from the roughness.
3.4.2 Quadrant analysis
Quadrant analysis was carried out to further study the local flow behavior within the rough-
ness sublayer. Using the hyperbolic hole size method proposed by Lu & Willmarth (1973),
contributions to the Reynolds shear stress (uv) with respect to the four quadrants is calcu-
lated. Specifically, uv can be decomposed into four distinct events: two that have a negative
contribution to uv, resulting from ejections (Q2: u < 0, v > 0) and sweeps (Q4: u > 0,
v < 0), and two that have a positive contribution to uv, attributable to outward (Q1: u > 0,
v > 0) and inward (Q3: u < 0, v < 0) interaction. The hyperbolic hole size (H) represents a
threshold on the strength of the Reynolds-stress-producing events considered in the analysis,
with H = 0 allowing inclusion of all uv events and increasing values of H allowing inclusion
of only increasingly intense Reynolds-stress-producing events. For the present case, H = 4 is
only considered to examine the contribution resulting from high-intensity quadrant events.
Also, similarly to previous sections, the highest-Reynolds number case (i.e. IR-C) is only
reported herein for brevity.
Wall-normal profiles of high-intensity ejection (Q2) and sweep (Q4) events resulting from
an H = 4 threshold are presented in Figure 3.9. Since the positive contributions (Q1 and
Q3) to uv+ are almost negligible, the negative contributions (Q2 and Q4) are only considered
herein. In the plot, red and blue symbols represent the measurement position at the crest
and trough, respectively, while open and filled symbols are Q2 and Q4 events. High-intensity








Figure 3.9: Vertical distribution of high-intensity Q2 and Q4 (H=4) for the current rough
wall. The crest case is red, and the trough case is blue.
characterized by dominant contributions from Q2 events, trends that are well-established in
rough wall flows (Coceal et al., 2007; Schultz & Flack, 2007).
The spatial heterogeneity in the quadrant contributions depending on spanwise position
is clear in Figure 3.9. Owing to the topographic pattern of the current rough wall, the
peaks in Q4 contributions at the crest and trough positions reside at di↵erent wall-normal
locations. The wall-normal positions of these peaks in Q4 contributions coincide with the
wall-normal positions of the inflection points observed in the local mean velocity profiles.
Similar di↵erences are noted in the profiles of Q2 contributions between the crest and trough
regions, particularly within the roughness sublayer. Finally, relative roughness arrangement
(i.e. crest and trough region) considerably a↵ects the cross-over between Q2 and Q4 in
the near-wall region. This phenomenon was previously reported by Finnigan et al. (2009),
who speculated that this crossover could be a function of the local canopy structure (i.e.
the relative roughness arrangement herein) and of the vorticity thickness related to the
inflectional mean velocity profile.
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3.4.3 Spatial spectra
Finally, pre-multiplied spatial spectra based upon the streamwise velocity fluctuations were
computed for the highest Re case (i.e. IR-C) for the present rough-wall flow to explore energy
content as a function of scale. As highlighted in Balakumar & Adrian (2007), pre-multiplied
velocity spectra are useful to highlight the contribution of the di↵erent wavelengths to the
overall energy spectrum, which, in the present work, can be deduced by the characteristic
length scale within the roughness sublayer introduced by the presence of roughness elements.
Figure 3.10 presents pre-multiplied streamwise velocity spectra (kx uu/u2⌧ ) as a function of
the streamwise wavelength ( x/ ) at di↵erent wall-normal locations at both measurement
locations. The wall-normal range 0.07 < ((y + d))/  < 0.6 and  0.07 < ((y + d))/  < 0.6,
are studied for the crest and trough positions, respectively (see Figure 3.10a and 3.10b).
The vertical dashed lines shown in each figure demarcate the wavelength corresponding
to multiples of the roughness height (k). At the crest position (Figure 3.10a), significant
energy exists at a streamwise wavelength corresponding to the roughness height, k, in the
very near-wall region and this peak then begins to shift to longest streamwise wavelengths
with increasing wall-normal location, though these wavelengths are still in the range ⇠ 1 3k.
This observation is supported by previous experiments (Hackett et al., 2011; Hong et al.,
2011) showing energy shift in the range 1  3k energy with increasing wall-normal distance
in the roughness sublayer. This distinct imprint of structures shed from the hemispheres
is entirely absent in the trough position where energy resides at much longer streamwise
wavelengths for all wall-normal locations considered and the position of this energy peak
remains roughly fixed in streamwise wavelength. This trend indicates that the larger scales
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Figure 3.10: Pre-multiplied streamwise velocity spectra plot for the (a) crest and (b) trough
region. Vertical dashed lines demarcate the wavelength corresponding to the roughness-
scale (e.g. k is a roughness height). The label in each plot represents the lower and upper
boundary of the region of the interest.
3.5 Summary
3.5.1 Emergence of a log layer in the double-averaged mean
velocity profiles
Despite the small  /k ratio considered herein, the double-averaged mean velocity profiles
for the current rough wall exhibit a log layer (see Figure 3.1), consistent with previous
observations (Cheng & Castro, 2002; Castro, 2007) for small  /k. However, as discussed
in previous studies, we suspect that this observation may be an artifact introduced by
the double-averaging approach. For example, Cheng & Castro (2002) observed that, in
the case of a large cube array, the log layer was artificially extended by double-averaging.
More recently, Castro (2007) confirmed the existence of this artifact using various rough-
wall topographies. The upper extent of the roughness sublayer for the current rough wall
further substantiates the observations regarding the log-layer development. For example,
the height of the roughness sublayer is 0.6 . This is far beyond the measured log-layer depth
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(100 < (y + d)+ < 300 or 0.1 < (y + d)/  < 0.3), which indicates that the log layer noted
in this case is likely an artifact of double averaging and is artificially extended within the
roughness sublayer.
3.5.2 Wall–similarity for the large hemispherical roughness
The results presented herein provide evidence as to the applicability of Townsend’s hypothe-
sis in the local flow over large idealized roughness comprised of uniform hemispheres. Taking
into account the zero-plane displacement in the wall-normal direction, the double-averaged
mean velocity defect showed strong similarity to smooth-wall flow in the outer region for the
current rough-wall flow (Figure 3.2). Furthermore, consistency in the double-averaged rms
velocity and Reynolds shear stress profiles is noted between the present rough-wall cases and
smooth-wall flow, where deviations between these two cases is within the uncertainty of the
statistics presented (Figure 3.3).
In addition to velocity statistics, two-point spatial correlations of streamwise velocity for
the current rough-wall case also support the occurrence of wall similarity as their spatial
characteristics converge to those of smooth-wall flow away from the wall. As such, these
correlations, which quantify the spatial coherence of the flow, provide an alternative means
of identifying the extent of the roughness sublayer as well as another means of identifying the
existence of outer-layer similarity, as reported in previous studies (Nakagawa & Hanratty,
2001; Flack et al., 2005; Wu & Christensen, 2007).
These observations may appear in contradiction with the classical notion of outer-layer
similarity, as Jiménez (2004) reported the minimum  /k for the existence of wall similarity
to be 40, which is much larger than the  /k in the current study. Nevertheless, recent studies
suggest that wall similarity exists for  /k values below than 40 (Connelly et al., 2006; Wu
& Christensen, 2007; Castro, 2007; Amir & Castro, 2011). In fact, in certain cases the
 /k was significantly lower than this threshold. For example, in an unconfined flow, Castro
(2007) and Amir & Castro (2011) reported that the double-averaged flow over a 3D cuboid
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rough wall is not distinguishable from the smooth wall flow when  /k > 6.67, implying the
existence of outer-layer similarity. For rough walls composed of large hemispherical elements,
double-averaged analysis of numerical data highlighted the existence of wall similarity with
an extreme case of  /k 6.84 for a cubic arrangement (Bomminayuni & Stoesser, 2011) and
 /k ⇠ 3.19 for a hexagonal arrangement (Singh et al., 2007), which are similar to the
case reported herein. The robustness of wall similarity is also consistently observed in the
confined flow overlying large rough walls. Previous studies reported that the influence of
large-scale, two-dimensional transverse square bars (H/k = 10, Burattini et al. (2008)) and
three-dimensional mesh-type roughness (H/k = 12.7, Birch & Morrison (2011)) mounted
in a fully developed channel flow is limited within the roughness sublayer, presenting the
applicability of Townsend’s hypothesis even with extreme roughness conditions.
Our results, consistent with aforementioned literature for large rough wall flow, provide
compelling evidence that Townsend’s hypothesis may also applicable to the present flows over
large cubic-packed hemispheres if carefully defined length and velocity scales are applied.
3.5.3 Near-wall structure within the roughness sublayer
Due to a significant influence of the current large, cubic-packed hemispheres, the near-wall
flow structure over the present rough wall is spatially heterogeneous within the roughness
sublayer. The local mean velocity (Figure 3.4a) presents a significant momentum deficit
in the crest region and a surplus in the trough region. The local turbulent shear stresses
(Figure 3.6c) also behave very di↵erently, depending on the spanwise location, showing dif-
ferent peak intensities and locations. These observations confirm the occurrence of spanwise-
localized low-momentum pathways (LMP) and high-momentum pathways (HMP), which are
formed alternately in the spanwise direction, similar to those identified by Mejia-Alvarez &
Christensen (2013) and Barros & Christensen (2014) over a heterogeneous roughness. How-
ever, owing to the periodic topographic pattern of the cubically-packed hemispheres, these
alternating features are expected to be highly regular and periodic. The presence of al-
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ternating LMP and HMP in the flow over cubic-packed hemispheres is further supported
by the two-point streamwise velocity correlations. In Figure 3.7b, the near-wall spatial
structure (yref = 0.1 ) along the trough region is significantly extended in the streamwise
direction, indicating increased momentum due to a channeling e↵ect, while the crest region
in Figure 3.7a shows a significantly shorter streamwise coherence due to the interference of
small-scale vortices shed from the crest tops.
As previously noted, the inflection point is considered a universal feature of flows over
permeable boundaries and of particular importance because it is assumed to be associated
with Kelvin-Helmholtz type instability, which enables one to use a mixing-layer analogy
to describe such flows. The inflection point often emerges in flow over canopies (Finnigan,
2000) and even in flow over walls in which the permeability is numerically imposed (Breugem
et al., 2006). However, earlier studies of urban-type roughness (Coceal et al., 2007; Reynolds
& Castro, 2008) argued that the inflected profiles in such cases must be related to individual
roughness elements rather than the roughness canopy as a whole and results from local flow
separation at the roughness elements. We believe this to be the case in this study, since
the inflection point is interpreted as the result of a strong flow separation induced by each
hemispherical roughness element. In addition, in the current study, it was observed that the
peak of the local turbulent shear stresses (Figure 3.6c) is coincident with the wall-normal
location of the point of inflection in each local streamwise velocity profile.
The result of the quadrant decomposition conducted with a large hyperbolic hole size
(H = 4) further substantiates the significance of the inflection point in Figure 3.9. In fact,
as expected, Q2 events are prevalent away from the wall, while significant contributions to
the Reynolds shear stress from high-intensity Q4 events are found in the near-wall region. In
particular, the largest contributions of Q4 occur at the same wall-normal location as the point
of inflection, implying that this location is the seat of the largest instabilities that produce the
strongest sweep events. This observation is important because these events primarily control
momentum exchange near the wall. This observation was previously reported by Finnigan
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(2000), who speculated the existence of ’head-up, Q2’ and ’head-down, Q4’ hairpin vortices
at the height of the vegetation canopy where the point of inflection is positioned. They
highlighted the role of the mean shear at the inflection point, which preferentially amplifies
the trailing head-down hairpin vortices so that Q4 sweeps dominate.
Finally, the pre-multiplied spatial spectra shown in Figure 3.10 reveal the characteristic
length scale of the flow within the roughness sublayer. For the current rough walls, the
large hemispherical elements induce a characteristic length scale comparable to multiples of
the roughness height (k) as also observed by Coceal et al. (2007). Within the roughness
sublayer, the spectral trend indicates a growing contribution of the large-scale eddies and a
decreasing role of small-scale turbulence with increasing wall-normal position. The range for
these characteristic length scales are 1 3k for the current rough wall case. This contribution
of roughness-scale energy within the roughness sublayer is also noted in Hong et al. (2011)
for flow over uniform and periodic pyramidal roughness elements.
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Chapter 4
Permeable smooth wall: Role of
permeability via low-frame-rate PIV
This chapter focuses on the influence of wall permeability on the flow interaction in the
transitional layer and its resulting structural alteration in the surface flow region. The cur-
rent permeable smooth wall is characterized by: i) a su ciently large permeability Reynolds
number (ReK   1) ii) a hydraulically smooth surface condition, and iii) a su ciently thick
wall compared to the penetration depth. These hydraulic features of the wall render wall
permeability e↵ects completely isolated from those of topography. Thus, the individual role
of permeability on the surface and subsurface flow interaction can be examined. The afore-
mentioned impermeable smooth wall case is also considered as a baseline to highlight the
permeability e↵ect.
This chapter addresses structural modification imposed by wall permeability based on
first- and second- order velocity statistics as well as TKE budget analysis. Also, the nature
of the pore flow is explored by visualizing the mean flow structures inside the subsurface
flow region. Further, turbulence interaction across the transitional layer is investigated
utilizing conditional averaging with various methods such as linear stochastic estimation
(LSE) and scale decomposition with a POD-based filter. In particular, the potential existence
of amplitude modulation phenomenon for the permeable-wall turbulence is discussed in detail













Figure 4.1: Contour maps of mean wall-normal velocity in the (a) crest and (b) trough
regions for the current permeable smooth wall. Streamlines are included. The solid lines
represent the boundary of the solid structure in the measurement plane, the dashed lines
represent the solid structure in the plane laterally o↵set by k.
4.1 Surface flow region
4.1.1 Mean velocity and flow resistance
First, the ensemble-averaged flow field over the present permeable smooth wall is explored.
Figure 4.1 shows contour maps of the mean wall-normal velocity at the crest and trough
regions for the current permeable smooth wall for the highest Reynolds number case (i.e.
PS-C, Re✓ ⇠ 4, 840). At the crest (Figure 4.1a), the white mask surrounded by solid lines
demarcates the solid elements. At the trough (Figure 4.1b), the dashed lines represent the
projection of the solid elements onto the measurement plane. In this plane, certain areas of
flow remained unresolved due to excessive optical aberration caused by imperfect RI match,
exacerbated by seeding particle deposition. The y-origin is placed at the wall interface, and
the horizontal and vertical coordinate systems are normalized by the radius of the current
packing sphere (k).
Due to a locally impermeable (i.e. no penetration) boundary condition at the crest
(Figure 4.1a), the wall-normal flow becomes almost negligible as the wall interface is ap-
proached. On the other hand, Figure 4.1b presents a clear structure to the wall-normal flow
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in the near-wall region induced by permeability owing to the open permeable interface at
the trough. Since the current porous structure is a cubically-packed bed of uniform spheres
that is characterized by a high degree of internal permeability and pore connectivity, an
intense vertical exchange can be seen at the trough, particularly upstream of the contact
point (i.e. x/k=0.4, 2.4, and 4.4) as presented in Figure 4.1b. Below the interface at the
trough, streamlines reveal a pronounced penetrating flow down to the pore space in an av-
erage sense. This observation suggests that a strong vertical exchange of momentum mainly
occurs across the permeable interface at the trough region. Also, it should be noted that
an interface porosity of the present wall causes structural heterogeneity in the surface flow
region imposed by the local boundary condition.
Local wall-normal profiles of mean streamwise velocity shows the clear impact of the
local boundary condition. Again, for the sake of clarity, the term ’local’ flow is used herein
to refer to streamwise-averaged flow along a specific spanwise position (i.e. either crest
or trough). Figure 4.2a displays these local mean streamwise velocity profiles, where each
coordinate system is normalized by outer scales (i.e. Ue and  ). The lowest and highest
Reynolds number cases (i.e. PS-A, Re✓ 2, 500 and PS-C, Re✓ 4, 840) were considered in
Figure 4.2a to investigate the Reynolds-number e↵ect on the local mean velocity profile. As
was observed in Figure 4.1, the di↵erent local boundary condition at the crest and trough
regions results in a mismatch in these profiles near the wall. This mismatch indicates the
spanwise heterogeneity of the flow induced by the local boundary condition. In particular,
due to the relaxation of the no-penetration boundary condition, flow over the trough region
undergoes larger momentum deficit as compared to that aligned with the crest. Despite
this complexity close to the wall interface, local profiles in Figure 4.2a converge above a
certain wall-normal elevation, implying that the influence of the local boundary condition
on the mean flow vanishes some su cient distance from the wall. A similar behavior was
previously discussed in Section 3.2.1 for flow overlying cubically-packed hemispheres as an

























Figure 4.2: Local wall-normal profiles of (a) mean streamwise velocity and in (b) velocity
defect form. The lowest and highest Reynolds number cases are considered for brevity. The
crest case is red and trough case is blue. Vertical dashed line represents the upper limit of
the permeability sublayer.
’roughness sublayer’ region within which the flow is directly impacted by the roughness
elements. The flow in the present permeable smooth-wall flow is only perturbed by wall
permeability. Therefore, analogous to the roughness sublayer in canonical rough-wall flow,
we refer to this region as the ’permeability sublayer’, and its thickness is defined as the
elevation where the standard deviation of the double-averaged Reynolds shear stress profiles
falls below 5% in a consistent manner to how the roughness sublayer was defined in Section
2.7.4. By this definition, the upper boundary of the permeability sublayer is approximately
0.6  for all cases in this study. The local velocity defect form of the mean streamwise
velocity presented in Figure 4.2b further substantiates the notion that the permeability
sublayer embodies local flow structure associated with permeability in comparison with the
impermeable smooth wall case. Beyond the permeability sublayer (y/  > 0.6) in Figure 4.2b,
spanwise heterogeneity caused by wall permeability disappears and all local profiles show
excellent collapse on the impermeable smooth wall profile.
In addition to the local flow behavior, a global representation of the flow was estimated by





















Figure 4.3: (a) Double-averaged velocity profiles with the wall-normal coordinate in inner
scaling; (b) Double-averaged velocity profiles with the wall-normal coordinate in permeability
scaling. All Re# cases were considered.
are averaged together to remove spanwise dependence, allows one to further explore the
global behavior of the flow. It also provides a faithful representation of the main physics of the
flow as supported by previous studies (Bigillon et al., 2006; Mignot et al., 2009; Manes et al.,
2009). Figure 4.3 displays double-averaged streamwise velocity profiles in inner scaling at
all Reynolds numbers. Inner scaling involves normalization of the wall-normal coordinate by
the viscous length scale (⌫/u⌧ , Figure 4.3a) while permeability scaling uses wall permeability
(
p
K, Figure 4.3b) as normalization of y. In Figure 4.3a, the impermeable smooth wall case
is included as a baseline of comparison. Figure 4.3a shows that the permeable cases embody
a downward shift away from the impermeable smooth wall profile with a consistent von
Kármán coe cient ( ⇠ 0.38) represented by the solid line. Unlike a canonical rough-wall
flow, in which the downward shift is caused by the pressure drag induced by the roughness
elements, in the present case it is caused by some unexplored flow physics phenomenon
induced by wall permeability. The magnitude of the downward shift seems to increase as the
permeability Reynolds number (ReK) increases, confirming the flow resistance is a function of
ReK , as first suggested by Manes et al. (2011). Unlike previous studies, Figure 4.3b further
substantiates this observation. In Figure 4.3b, the Reynolds-number e↵ect disappears, and
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all the profiles of the current wall model collapse. We suspect that this data collapse in
Figure 4.3b can only be achieved by complete isolation of the wall permeability e↵ect in
this study, whereas in Manes et al. (2011) the collapse was not observed due to the coupled
e↵ect of permeability and topography (even though minor) from foam-type permeable beds.
Therefore, our results suggest that, once the wall permeability e↵ect is fully isolated, the
flow resistance induced by wall permeability can be parameterized by ReK .
4.1.2 Turbulence intensity and quadrant analysis
Figure 4.4 shows contour maps of the ensemble-averaged root-mean square (rms) wall-normal
velocity for the present wall model at the crest and trough regions for the highest Reynolds
number case (i.e. PS-C). The friction velocity (u⌧ ) is utilized for normalization. The trough
case (Figure 4.4b) show a higher intensity in the near-wall v+rms than that at the crest region
(Figure 4.4a). This is due to the open permeable interface which allows vertical exchange
of momentum, thus increasing this velocity fluctuation. This exchange is visualized below
the interface at the trough where a specific path of the penetrating flow across the interface
is associated with increased vertical fluctuations. Although the signature of the penetrating
flow was not fully resolved here due to optical aberrations in the vicinity of the wall interface,
a clear signature of the penetrating flow is visible in Figure 4.4b, directly upstream of the
contact points.
Figure 4.5 presents the streamwise distribution of spatially averaged v+rms over 0 < y/  <
0.05 at the crest and trough regions for the current permeable smooth wall case (i.e. PS-C).
Spatially averaged v+rms for the impermeable smooth wall case, computed in the same way as
the permeable wall case, is included for comparison (dashed-dot line). A schematic outline of
the wall model (i.e. a single hemispherical element of the top layer) is included in each plot
for better understanding of streamwise variation in v+rms with respect to the surface interface.
When comparing Figure 4.5a and 4.5b, spanwise heterogeneity is clearly highlighted due to














Figure 4.4: Contour maps of rms wall-normal velocity in the (a) crest and (b) trough regions





























Figure 4.5: Streamwise distribution of spatially averaged v+rms over 0 < y/  < 0.05 for both
permeable wall cases at the highest Reynolds number: (a) Crest and (b) Trough region of
the present permeable smooth wall (i.e. PS-C). Impermeable smooth wall case (dashed-dot)
is included for comparison.
v
+
rms remains constant over the surface interface and is lower in magnitude than that of the
impermeable smooth wall case. On the other hand, at the trough region (Figure 4.5b),
a clear streamwise variation is observed owing to the anisotropic interface porosity of the
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Figure 4.6: Local wall-normal profiles of (a) rms streamwise velocity, (b) rms wall-normal
velocity, and (c) Reynolds shear stress. Lowest and highest Re# cases were considered for
simplicity. The crest case is red and trough case is blue.
maximum and minimum at the upstream and downstream positions of the contact point
(higher and lower in magnitude than the impermeable smooth wall, respectively), indicating




Local wall-normal profiles of the rms streamwise and wall-normal velocities as well as the
Reynolds shear stress in inner scaling for the present wall model are shown in Figure 4.6.
The lowest and highest Reynolds number cases (i.e. PS-A vs. PS-C) are considered to ex-
amine Reynolds number e↵ects on the near-wall turbulence. The impermeable smooth wall
case is included as a baseline of comparison. The ordinate in Figure 4.6 is shown in two
di↵erent scalings: normalized by   along the bottom axis and normalized by k along the
top axis. Vertical dashed lines correspond to the upper extent of the permeability sublayer.
As observed in the local mean streamwise velocity (Figure 4.2a), Figure 4.6 displays a clear
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structural modification from the impermeable wall and the resulting spanwise heterogeneity
induced by the local boundary condition in a streamwise-average sense for all cases. At
the crest, all near-wall turbulence quantities are suppressed, while at the trough the open
permeable interface tends to increase turbulence levels near the wall. This observation is
interesting particularly for the suppressed near-wall turbulence at the crest, although the
increment at the trough can be expected due to the open permeable boundary condition.
This suppression at the crest may stem from the mutual interplay with the energetic tur-
bulence motions at the trough as an opposite behavior to rebalance momentum between
the two extremes in spanwise position (i.e. crest and trough) in the light of the momentum
conservation.
In addition, the Reynolds number e↵ect is clearly noticeable for the profiles at the trough
region in the local Reynolds shear stress profiles (Figure 4.6c) as the local peak (at y/  0.05)
becomes higher with an increasing Reynolds number, while the local mean velocity is insen-
sitive to Reynolds number as observed in Figure 4.2a. For the present permeable smooth
wall case, increasing the Reynolds number induces a more intense near-wall perturbation
followed by a more pronounced penetrating flow across the open interface. Consequently,
the Reynolds number impacts the shear stress structure at the trough region. Despite spa-
tial variation in all local turbulence features between the crest and trough in Figure 4.6,
all local profiles converge together on to the impermeable smooth wall profile beyond the
permeability sublayer, suggesting that the e↵ect of wall permeability vanishes beyond this
location.
To investigate the global impact of wall permeability on the turbulence characteristics,
Figure 4.7 shows double-averaged profiles of the rms streamwise and wall-normal velocities
as well as the Reynolds shear stress. Similar to Figure 4.6, two Reynolds number cases
(i.e. PS-A vs. PS-C) are considered. Vertical dashed lines represent the upper boundary
of the permeability sublayer for the current permeable smooth wall case. Close to the wall










































Figure 4.7: Double-averaged wall-normal profiles of (a) rms streamwise velocity, (b) rms
wall-normal velocity, and (c) Reynolds shear stress. Lowest and highest Re# cases were
considered for simplicity.
lower than that of the impermeable smooth wall case. Breugem et al. (2006) and Manes
et al. (2011) conjectured that the lower magnitude of this peak is attributed to the absence
of the near-wall streaks above a highly permeable wall. In our case, the local velocity
statistics in Figure 4.6a indicate that a locally suppressed hui+rms at the crest region mainly
contributes to the reduction in near-wall intensity for the double-averaged streamwise rms
velocity in Figure 4.7a. It is interesting to note that the global wall-normal velocity rms,
hvi+rms, in Figure 4.7b is nearly identical to that of the impermeable smooth wall case.
This suggests that the global impact of wall permeability on this fluctuating component is
rather negligible. This behavior is in contrast to previous studies (Suga et al., 2010; Manes
et al., 2011) that reported an increased near-wall intensity in the rms wall-normal velocity
over various foam-type permeable beds, although the permeability Reynolds number in the
current work is higher than those in the earlier studies. This opposing observation is due
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probably to the fact that the current permeable walls are comprised of regularly packed
spheres providing much lower porosities (  ⇠ 26 and 48%) than the foams used in previous
studies (  ⇠ 80  90%). Thus, it is suspected that the less intensity in the near-wall hvi+rms
in the present work compared to previous studies is associated with the degree of porosity
which defines the amount of interfacial exchange.
It is also interesting to note the behavior in the double-averaged Reynolds shear stress
imposed by wall permeability. Figure 4.7c shows an appreciable reduction in stress in a
range of 0.05 < y/  < 0.3. This indicates that for the present permeable smooth wall,
vertical exchange of the flow across the interface may reduce the turbulence shear stress in
the near-wall surface flow region. Recent experiment (Evans et al., 2018), performing PIV
measurements on a micro-cylinder array with a hydraulically smooth surface condition im-
mersed in a turbulent boundary layer under adverse pressure gradient, reported a reduction
in the flow separation which implies decreased flow resistance. They suggested that this
phenomenon is due to a mutual interaction between the flow within the canopy and the
one in the near-wall surface. This observation substantiates the speculation herein that for
the present permeable smooth wall in simple cubic arrangement, the surface-subsurface flow
interaction linked by the vertical flow exchange across the interface may play a significant
role to control the flow resistance in the surface flow region.
Quadrant analysis is carried out to investigate the origin of the local shear stress structure
reported in Figure 4.6c and to further explore the above-mentioned stress reduction in the
double-averaged shear stress shown in Figure 4.7c. The hyperbolic hole size method proposed
by Lu & Willmarth (1973) was utilized as was in Section 3.4.2 to decompose the Reynolds
shear stress into four distinct quadrant events. In this section, H = 4 is used in order to
focus on the contribution resulting from high-intensity Reynolds-stress-producing-events. As
a result, spatial features of the high-intensity ejection (Q2) and sweep (Q4) contributions are
presented in Figure 4.8 for each crest and trough region of the current permeable smooth wall
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Figure 4.8: Contour maps of (a,b) high-intensity ejections (Q2, H = 4) and (c,d) high-
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Figure 4.9: Wall-normal profiles of (a) high-intensity ejections (Q2, H = 4) and (b) high-
intensity sweeps (Q4, H = 4) for the permeable smooth wall case. Lowest and highest Re#
cases were considered. Impermeable smooth wall case is included for comparison.
on the intensity of the near-wall quadrant events.
Figure 4.9 shows wall-normal profiles of the high-intensity ejection (Q2) and sweep (Q4)
events at the crest and trough regions. Two Reynolds number cases (i.e. PS-A vs. PS-C)
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are considered in addition to the impermeable smooth wall case for comparison. As seen in
Figure 4.9, Q4 events dominate very close to the wall interface (Figure 4.9b), whereas the
rest of the boundary layer is characterized by the dominant contributions from Q2 events
(Figure 4.9a). A similar structural pattern in quadrant events was reported by previous
experimental studies using homogeneous permeable beds made from foam (Manes et al.,
2011; Suga et al., 2011). A similar structural trend is also found in canonical rough-wall flow
(Flack et al., 2005; Coceal et al., 2007) as well as the large-rough-wall flow reported in Section
3.4.2. However, an essential di↵erence in a formation of the quadrant event exists between
rough-wall and permeable-wall turbulence. For the rough-wall flow, the spatial distribution
of the quadrant events is mainly governed by shedding vortices from the local roughness
elements. For the permeable-wall turbulence, in contrast, the occurrence of near-wall Q2
and Q4 events is induced by the flow interaction with up-welling (v > 0) and down-welling
(v < 0) events across the open wall interface, respectively (Breugem et al., 2006).
In the present work, the regular configuration of uniform spheres produces boundary con-
ditions that are strongly heterogeneous in the spanwise direction, which results in spanwise-
dependent Q2 and Q4 contributions. Figure 4.9 shows that at the crest region, the local
impermeable boundary condition suppresses the near-wall intensity of both Q2 and Q4
events, while at the trough region, the Q2 and Q4 contributions are drastically enhanced
relative to those at the crest due to the open wall interface that yields relaxation of the wall-
blocking e↵ect. This result is supported by the observation in Suga et al. (2011) that the
permeability intensifies the intensity and duration of Q2 and Q4 events based on PIV mea-
surements of the flow overlying homogeneous ceramic foams. The Reynolds-number e↵ect is
particularly noticeable in Q2 profiles for both measurement planes (Figure 4.9a). Further,
at the trough region, Q2 profiles show a distinct near-wall peak (y/  ⇠ 0.1) followed by a
valley (y/  ⇠ 0.3) in comparison to the impermeable smooth wall case.
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4.1.3 TKE budget analysis
The turbulent kinetic energy (TKE) balance equation for a statistically stationary turbulent
flow (Pope, 2001) can be written as:
C + T + ⇧ + P + D   " = 0 (4.1)
where C is the mean convection term, T is the turbulent transport, P is the production term,
⇧ is the pressure-related term, D is the viscous di↵usion, and " accounts for the dissipation
rate. In the present analysis, ⇧ is excluded due to the absence of pressure information. Also,
D is of minor importance to the near-wall turbulence over the permeable wall (Breugem et al.,
2006). Applying a two-dimensional approximation approach for x y plane data as reported
by Hong et al. (2011), each term in the balance equation is simplified as below:









































While this approximation provides a first-degree of accuracy, it is worth noting that the
contribution from the missing spanwise velocity component may by equally important for
the near-wall turbulence transport due to the spanwise heterogeneity of the flow over the
current permeable walls. Also, " is estimated using a streamwise axisymmetric assumption,
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Figure 4.10: TKE budget terms scaled by u4⌧/nu for the (a) impermeable smooth wall and
(b) permeable smooth wall at the trough case (PS-C Trough)
underestimated particularly in the near-wall region due to inhomogeneous flow perturbations
by wall permeability, and a finite resolution of the current PIV measurement produces an
additional attenuation in magnitude of the dissipation rate (Hong et al., 2011).
Figure 4.10 presents wall-normal profiles of the TKE budget terms scaled in u4⌧⌫ for the
impermeable smooth wall and the current permeable smooth wall at the highest Reynolds
number case (i.e. PS-C Trough). In this section, the trough case is only considered due to
the direct impact of the open wall interface allowing the vertical exchange of energy between
the surface and subsurface flows. For the impermeable smooth wall case (Figure 4.10a),
the overall pattern of each TKE budget term under the present approximation qualitatively
agrees with a canonical smooth wall turbulent boundary layer except very close to the wall.
In the near-wall region, there exists an excessive overshooting for each term toward positive
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or negative infinity as the bottom wall is approached owing to the limited access to the
near-wall flow in the current PIV measurement. In Figure 4.10a, except for the near-wall
region, the production and dissipation terms are in local balance as the ratio of production
to dissipation (P/") presents approximately unity in a range of 0.1 < y/  < 0.5. The
contribution of the turbulent transport is almost negligible above 0.1 . This result from
the impermeable smooth wall case gives validity to apply these approximated TKE budget
terms in eq.(4.1)  (4.5) further to the permeable wall cases considered herein.
Figure 4.10b depicts the terms in TKE budget for the PS-C Trough case. In Figure 4.10b,
the production term is the most dominant source term due to the weakening of the wall-
blocking e↵ect and dissipation becomes much less than that of the impermeable smooth wall
case as reported by Breugem et al. (2006). However, this reduction in the dissipation rate
cannot be accurately assessed since the wall permeability provides an additional uncertainty
in " estimation under the present axisymmetric assumption while limited PIV resolution
induces an attenuation in magnitude. The influence of wall permeability clearly appears in
the turbulence transport term in comparison with that of the impermeable smooth wall case.
Figure 4.10c particularly highlights the e↵ect of permeability in the turbulence transport
term, showing a positive hump in the near-wall region (0.08 < y/  < 0.2) that is not
observed in the impermeable smooth wall case. This observation indicates that turbulent
energy is transported into the near-wall region by a vertical momentum exchange across the
wall interface.
To further explore the turbulence transport term under the influence of wall permeability,
the term is now decomposed by quadrant event (H=0). Thus, Figure 4.11 illustrates the
quadrant contribution to the vertical transport energy as a function of wall-normal distance
for the PS-C Trough case. Due to the use of H=0 in this decomposition, the sum of all
decoupled transport terms presented in Figure 4.11 is identical to that of Figure 4.10b. In
Figure 4.11, contributions from outward (Q1) and inward (Q3) motions are negligible as
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Figure 4.11: Quadrant contributions to the turbulence transport term for PS-C Trough case.
interface. Also, there exists a local peak (y/  ⇠ 0.14) in the transport term given by ejection
(Q2) events. Since this local peak corresponds to the above-mentioned positive hump shown
in Figure 4.10c, it can be inferred that ejection (Q2) events induced by the up-welling flow
across the wall interface play a significant role to transport energy from the pore space and
deposit it in the near-wall surface flow region. Sweep (Q4) events, on the other hand, act
to transfer the turbulence energy from the surface flow into the pore space by means of
down-welling flow.
4.2 Subsurface flow region
4.2.1 Mean statistics of subsurface flow
Owing to the matched RI between the acrylic permeable wall and the working fluid, the
flow within the pore space was also captured in the PIV measurements. Figure 4.12 presents
contour maps of mean streamwise and wall-normal velocity in the subsurface flow for the
current permeable smooth wall at the crest and trough regions, respectively. Streamlines
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are superimposed on these mean velocity contours to highlight the local flow behavior in
the pore space. The same coordinate system and masking to Figure 4.1 are applied in the
current figure, and thus the wall interface is located at y/k = 0.
Figure 4.12a and 4.12b illustrate the mean streamwise velocity in the pore space at the
crest and trough regions, for which entirely distinct flow patterns are found at these di↵erent
spanwise locations. Owing to the cubic arrangement of the bed, which o↵ers a high degree of
pore connectivity, a channeling e↵ect dominates the flow along the trough region, thus pro-
ducing streamwise-oriented high-momentum paths in the horizontal direction. As expected
at the crest region, the mean streamwise velocity is quite weak, and, in some cases (2nd and
3rd pore layers, for example), it appears to be directed upstream as revealed by the direction
of the streamlines in Figure 4.12a. This behavior is likely due to a secondary flow that is
driven by the mean flow in the neighboring trough regions. Furthermore, the magnitude of
the mean pore flow, especially for the trough region, varies with depth. Although counter-
intuitive, the mean streamwise momentum increases as one moves towards the bottom of
the permeable bed. The behavior of the flow in the pores closest to the wall interface is
particularly interesting. Along the trough region, the mean streamwise velocity is lowest in
magnitude and, at the crest region, the streamlines indicate that the mean flow is directed
upwards. These two observations suggest that the momentum deficit in the upper layer of
the permeable bed is due to the direct interaction with the surface flow across the permeable
interface. The contours of the mean wall-normal velocity at the trough region (Figure 4.12d)
clearly show vertical penetrating flows imposed by the surface flow which induces a signifi-
cant reduction in streamwise momentum of the pore flow. In addition, Figure 4.13b indicates
that the high-intensity wall-normal velocity fluctuations in the first pore space at the trough
are presumably driving the pore-flow momentum loss. As the momentum of the mean flow
recovers moving deeper into the bed, the intensity of the wall-normal velocity and fluctua-
tions drastically decreases. This phenomenon was first reported by Pokrajac et al. (2007b),
who performed a number of ultrasonic velocity profiler (UVP) and PIV measurements in a
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Figure 4.12: Contour maps of (a,b) mean streamwise velocity and (c,d) mean wall-normal
velocity with streamlines in the pore space of the present permeable smooth wall at the crest
and trough regions, respectively. Highest Re# case was considered (i.e. PS-C).
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Figure 4.13: Contour maps of rms wall-normal velocity fluctuations in the pore space of
the present smooth wall at the (a) crest and (b) trough regions. Highest Re# case was
considered (i.e. PS-C).
similar packed bed and first provided this physical explanation. They attributed this coun-
terintuitive velocity dip at the first pore layer to the turbulence phenomenon that controls
the surface and subsurface interactions throughout the transitional layer.
Wall-normal profiles of the local mean streamwise velocity and turbulence intensities
within the permeable wall are presented in Figure 4.14. Two Reynolds number cases (i.e.
PS-A vs. PS-C) are considered herein, and the red and blue markers correspond to the crest
and trough cases, respectively. Overall, it is evident that all crest profiles in Figure 4.14 are
nearly negligible as compared to those at the trough inside the present permeable bed. This
observation strongly suggests that the vertical exchange of scalar, momentum, and energy
in the subsurface region primarily occurs through the trough region in the current work.
98
-8 -6 -4 -2 0 2
0





























Figure 4.14: Wall-normal profiles of (a) mean streamwise velocity, (b) rms streamwise velocity, (c) rms wall-normal velocity,
and (d) Reynolds shear stress in the pore space.
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Local mean velocity profiles inside the permeable bed in Figure 4.14a presents the e↵ect
of the fluid shear induced by the surface flow particularly at the trough region. In partic-
ular, Figure 4.14a shows a drop in mean streamwise velocity at the first pore space. The
local maximum in U/U e in the first pore space is 0.09 and 0.11 for each PS-A Trough and
PS-C Trough cases, respectively, which implies a Reynolds number e↵ect on the pore-flow
momentum loss caused by the interaction with the surface flow. In other words, the sur-
face flow with a higher Reynolds number induces larger turbulent mixing across the top
pore. During the recovery process in streamwise momentum as one penetrates deeper to-
ward the bottom wall, the local maximum in U/U e for the low Reynolds number case (PS-A
Trough) ceases to increase and instead shows a consistent magnitude from the third pore on
(i.e.U/U e = 0.13 at y/k =-7 and -9), while the one for the high Reynolds number case (PS-C
Trough) monotonically increases until the bottom pore (i.e. U/U e = 0.13 at y/k =  9). For
this structural trend, Pokrajac & Manes (2009), based on PIV measurement of the pore flow
through cubically-packed uniform spheres, speculated that the form drag of the spheres is
the major contributor to momentum absorption occurring at the top pore. In lower pores,
on the other hand, viscous drag becomes the dominant source for the momentum absorption
and allows the development of higher mean velocity in the deeper pores. Except for the first
pore layer, the mean streamwise velocity in the pore space at the crest region in Figure 4.14a
presents negative values at the center of each pore and is almost negligible when compared
to that of the trough region. This weak and opposite behavior of the mean pore flow at the
crest region further suggests the occurrence of a shear-driven secondary flow owing to the
channeling e↵ect along the trough region, as seen in Figure 4.13a and 4.13b.
The influence of the surface flow shear-penetration within the wall is also visible in the
local turbulence intensity profiles. In Figure 4.14b and 4.14c, wall-normal profiles of rms
streamwise and wall-normal fluctuations at the trough region decay drastically within the
permeable bed as previous studies have reported (Breugem et al., 2006; Pokrajac et al.,
2007b; Manes et al., 2011). This exponential decay in turbulence within the permeable wall
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confirms the observation in Figure 4.13 that high-intensity velocity fluctuations in the first
pore space drive momentum reduction in the pore flow. In other words, higher intensity in
Reynolds normal stresses represents higher drag coe cients and in turn lower mean velocity
in the subsurface region. For the rms of the wall-normal velocity fluctuations (v+rms, Fig-
ure 4.14c), both trough profiles trend close to zeros at y/k =  3 and remain consistent in
the lower pores. This result implies that the surface flow shear penetration is only influential
up to the second pore layer, suggesting that the current permeable wall is thicker than the
turbulence penetration depth ( p). This result also agrees well with the notion that if the
porous wall is su ciently thicker than the penetration depth, the high-frequency pressure
fluctuations are dampened at y/Dp =  4.5 (where Dp is particle diameter, Vollmer et al.
(2002)). In contrast to v+rms, vertical profiles of the rms streamwise velocity fluctuations
(u+rms, Figure 4.14b) presents non-negligible structures at the trough across the entire per-
meable bed. In addition, this structural pattern is dependent on Reynolds number. These
observations indicate that the current pore flow characteristics resembles turbulent flow at
given Reynolds numbers herein. This observation can be addressed by Blois et al. (2012b)
who conducted time-resolved endoscopic PIV measurements inside the pore space comprised
of cubically-packed spheres. They found that TKE increases with increasing Reynolds num-
ber. They also highlighted that high levels of turbulence in the pore space are caused by
the pulsating nature of the pore jet flow and formation of associated coherent structures.
Further, Horton & Pokrajac (2009) reported evidence of coherent structure for the pore flow
that is controlled by the Reynolds number. Consequently, a distinct structural pattern in
u
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rms within the bed (Figure 4.14b) is the result of turbulence phenomenon involving small-
scale vortices shed from spherical elements. Further, u+rms profiles in the top pores at the
trough are di↵erently modified under the influence of shear penetration from the surface flow,
while those in the bottom three pores are all identical. This indicates that the turbulence
penetration in u+rms is confined up to the first pore layer, suggesting  p ⇠  2. Thus, the
result from 4.14b implies that streamwise Reynolds normal stress decays faster than its wall-
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normal counterpart when comparing Figure 4.14b and 4.14c. This trend is supported by
that reported in Kuwata & Suga (2016). Unlike the Reynolds normal stresses, wall-normal
profiles of Reynolds shear stress (Figure 4.14d) decay rapidly across the permeable interface
as highlighted by Kuwata & Suga (2016).
4.3 Transitional layer
4.3.1 Surface and subsurface flow interactions
In this section, turbulence interactions between surface and subsurface flow are investigated
using instantaneous velocity fields as well as various statistical approaches such as joint
probability density functions (PDF), conditional averaging, and proper orthogonal decom-
position (POD) analysis. We focus our investigation on the trough region of the present
permeable smooth wall where such interactions are most pronounced. The results will be
presented only for the highest Reynolds number case (i.e. PS-C Trough).
In Figure 4.15, the distribution of the instantaneous streamwise velocity and the corre-
sponding streamwise fluctuations for a representative PIV vector field are presented. The
coordinate system is identical to Figure 4.1. The streamlines in Figure 4.15a reveal the
presence of instantaneous up-welling (x/k = 6) and down-welling (x/k = 4) flow events
across the wall interface. Figure 4.15 shows that these up- and down-welling events are asso-
ciated with large-scale low- and high-speed streamwise fluctuations regions (Figure 4.15b),
respectively, in the surface flow. This observation, which is consistent with previous studies,
(Breugem et al., 2006) suggests that mass exchange at the interface controls the ejection
and sweep events close to the wall that in turn produce Reynolds shear stress.
The mutual interaction between the vertical flow at the interface and the near-wall
streamwise surface flow is statistically confirmed by estimating conditional averages of such
phenomena using linear stochastic estimation (LSE). Figure 4.16a and 4.16b show contour













Figure 4.15: Contour maps of (a) instantaneous streamwise velocity superimposed with
streamlines and (b) corresponding instantaneous streamwise velocity fluctuations with in-
plane vectors.
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Figure 4.16: Conditional average by linear stochastic estimation (LSE) of uj given by v+ > 0
and v+ < 0 at point E in Figure 4.19, respectively.
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The event considered is located at point E, displayed in Figure 4.17 (x/k = 4.4 and
y/k =  0.2). To selectively identify an intense vertical motion, the flow is sampled in a 5⇥5
window around the reference point and data is sampled using two conditions: the first is that
the number of elements satisfying either v+ > 0 or v+ < 0 in the given window is greater
than 80% of a total number of elements, while the other is applying a threshold, |v+| > 0.25,
103
Figure 4.17: Schematic illustration of the measurement points for the joint PDF in the
vicinity of the permeable interface for the current permeable smooth wall. Red contour












Figure 4.18: Examples of data sampling for the conditional averaging. Sample fluctuating
velocity fields (a) excluded and (b) included in the conditional averaging. Red box schemat-
ically represents a 5⇥ 5 window around the reference point at point E in Figure 4.17.
104
for the median value of v+ in the given window. Utilizing these conditions, velocity fields
were identified whether considered in the conditional averaging or not. Out of five-thousand
statistically independent PIV realizations for the present PS-C Trough case, a total of 2,361
and 1,315 vector fields were classified as an up-welling and down-welling event at the wall
interface, respectively. Figure 4.18 presents two examples of instantaneous v+ fields that
satisfy the above-mentioned sampling conditions. The red box in Figure 4.18 schematically
illustrates a 5 ⇥ 5 window around the reference point (x/k = 4.4 and y/k =  0.2). In
Figure 4.18b, intense up-welling motions that satisfy the sampling conditions around the
reference point were identified and, in turn, considered in the conditional averaging. In con-
trast, Figure 4.18a shows a sample v+ field that has negligible vertical motions around the
reference point and is therefore excluded from the conditional averaging. Finally, the condi-
tional average by LSE given by the vertical flow motion at the reference point is presented in
Figure 4.16. The results in Figure 4.16a and 4.16b confirms that up-/down-welling events at
the wall interface are statistically tied to the simultaneous occurrence of large-scale regions
of negative/positive streamwise fluctuations, respectively, in the surface flow region.
To assess the turbulence structure across the transitional layer, joint PDFs of the fluc-
tuating velocities (u+, v+) are computed at six representative measurement locations across
the transitional layer as illustrated in Figure 4.17. In particular, the red areas in Figure 4.17
illustrate preferential paths of the penetrating flow shown in Figure 4.4b. Two of these
points (A and D) are directly above the interface (y/k = 0.2 or y/  ⇠ 0.05), two (B and
E) are directly beneath the interface (y/k =  0.2), and the remaining two (C and F) are
located at the wall-normal center of the first pore space (y/k =  1). In particular, points C
and E reside at the tail- and leading-edge of the penetrating flow path inside the pore space,
respectively. Figure 4.19 shows the joint PDF from each sample point, and the color scale in-
dicates the percentage of points contained within each bin of the joint PDF. Consistent with
that previously reported by Pokrajac & Manes (2009), the distribution of fluctuating veloc-
ities in Figure 4.19 drastically changes with respect to the sample point in the transitional
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Figure 4.19: Joint PDFs of fluctuating velocity (u+, v+) for position A-F in Figure 4.17.
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layer. In the near-wall region (A and D), both distributions of the PDF are oval-shaped and
elongated along the second and forth quadrants. At point D (Figure 4.19d), the cloud of
points slightly tilts as compared to that at point A (Figure 4.19a). Tilting of the cloud is
related to an increase of v+ and a decrease of u+ and particularly appreciable in the second
quadrant when comparing Figure 4.19a and 4.19d. This e↵ect is due to the flow at point
D, which resides directly above the penetrating flow path (see Figure 4.17), more often and
more directly experiences a wall-normal perturbation by the up-welling flow across the in-
terface that causes a momentum reduction in u+ compared to that at point A. Inside the
pore space (B,C,E, and F), however, the intensity of the fluctuating velocities is remarkably
diminished. The distribution clouds in Figure 4.19c and 4.19e, where the sample points are
located on the preferential path (C and E), are elongated along the y-axis, indicating the
occurrence of an energetic vertical momentum transport. In contrast, those outside the path
(B and F) seem to be rather inactive in the momentum exchange process (Figure 4.19b and
4.19f). It is interesting to note that at the leading-edge of the preferential path (E), while the
up-welling event (i.e. ejection motion) is more likely to occur than the down-welling event
(i.e. sweep motion), the intensity of the down-welling event tends to be higher. The lower
Reynolds number cases (i.e. PS-A Trough and PS-B Trough) shows a consistent structural
behavior across the transitional layer based on the joint PDF. Thus, the statistical result
from Figure 4.19 suggests that for the current permeable smooth wall, the up-welling mo-
tion at the permeable interface, which transports the momentum from the pore space into
the surface flow region, dominates in frequency but not in intensity. Down-welling events
at the interface, induced by faster moving near-wall flow, tend to produce more energetic
turbulence activity. Such activity transfers momentum into the pore space, primarily along
the preferential path.
To further investigate the impact of the up- and down-welling events on the near-wall
turbulence structure, conditionally averaged quadrant analysis (H = 4) is computed given
a v+ condition at the reference point (i.e. point E in Figure 4.17). Figure 4.20 presents
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Figure 4.20: Contour maps of conditionally averaged (a,c) high-intensity ejection and sweep
events given by v+ > 0 and (b,d) high-intensity ejection and sweep events given by v+ < 0
at point E in Figure 4.17 for PS-C Trough case.
contour maps of conditionally-averaged, high-intensity ejection (Q2) and sweep (Q4) events
with respect to the up- and down-welling flow motions at the interface for the current wall
model (i.e. PS-C Trough). The average flow corresponding to the up-welling event shows
a significant enhancement in Q2 above the wall interface (Figure 4.20a) and a considerable
suppression in Q4 around the permeable interface (Figure 4.20c) as compared to those in
Figure 4.20b and 4.20d, respectively. The opposite phenomenon occurs for the down-
welling event, as Figure 4.20b and 4.20d clearly presents a striking decrease and increase in
contribution from Q2 and Q4, respectively, in the vicinity of the permeable interface.
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4.3.2 Statistical imprint of amplitude modulation
Figures 4.21a and 4.21b present contour maps based on (true) conditional averaging in u+
with respect to the vertical flow motion at the reference point (i.e. point E in Figure 4.17)
for the PS-C Trough case. The ordinate in Figure 4.21a and 4.21b is kept identical to
Figure 4.1, normalizing by the radius of the packing sphere (k) to better represent the flow
structure over the current permeable wall. As observed in the LSE result (Figure 4.16),
negative and positive signs of the large-scale u+ above the wall interface are consistently
related with the occurrence of up-welling and down-welling events at the wall interface,
respectively. With these results, vertical profiles of rms streamwise velocity (u+rms) and
skewness (Skewu) are presented in Figure 4.21c and 4.21d. In this case, the line-average was
performed in streamwise direction over 3.6 < x/k < 5.3 (where the streamwise reference
point is xref/k = 4.4, equivalent to point E in Figure 4.17), demarcated by vertical dashed-
dot lines in Figure 4.21a and 4.21b. This streamwise range between the two vertical lines
corresponds to the left- and right-most boundary around the reference point (xref ) that
satisfies ⇢uu > 0.5 (where ⇢uu is a two-point spatial correlation coe cient in u at y/  =
0.05). Thus, the vertical profiles in Figure 4.21c and 4.21d appropriately reflect a coherent
structure in u+rms and Skewu under the action of up-/down-welling flow across the permeable
interface. Figure 4.21c shows that the streamwise fluctuations induced by the up-welling
event are more energetic than that produced by the down-welling case below y/  = 0.05.
This structural behavior in u+rms produced by the vertical penetrating flow at the interface
may be a signature of amplitude modulation, similar to that originally found in smooth-wall
turbulence (Mathis et al., 2009). Hutchins & Marusic (2007) reported that close to the wall,
the small-scale streamwise fluctuations are more energetic/quiescent under the influence of
the positive/negative large-scale fluctuations. In the present work, the up-/down-welling
events at the permeable interface, correlated with negative/positive large-scale streamwise
fluctuations of the surface flow, seem to significantly influence the suppression/enhancement
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in turbulence activity close to the wall interface. The u+rms considered herein is not decoupled
from the large-scale motion so that it may not fully represent a small-scale turbulence for the
amplitude modulation phenomenon. However, the near-wall structure in Figure 4.21c may
well reflect the small-scale energy depending upon the vertical flow event at the interface
since the near-wall turbulence energy is mostly attributable to small-scale fluctuations (Smits
et al., 2011). Figure 4.21c also shows a cross-over point at y/  = 0.05, where u+rms for
the up-welling event becomes higher than that of the down-welling case. This cross-over
between the two profiles results from the influence of the large-scale event on small-scale
energy distribution away from the wall. For instance, as highlighted by Ganapathisubramani
et al. (2012), a positive large-scale fluctuation away from the wall attenuates the small-
scale turbulence activity. Conversely, a negative large-scale fluctuation increases small-scale
fluctuation as the wall-normal distance increases from the wall. Furthermore, it is interesting
to note that the cross-over point (y/  = 0.05) in Figure 4.21c is coincident with the peak
location found in the local u+rms for the trough region (Figure 4.6a). This result is supported
by Ganapathisubramani et al. (2012) as the cross-over point in their work agrees well with
the location of the outer-peak in u2+ profile, which corresponds to the aforementioned local
peak (Figure 4.6a) in our case.
Figure 4.21d shows the conditionally averaged skewness profiles for the current PS-C
Trough case depending on the up-/down-welling events at the interface. Streamwise skew-
ness profiles from DNS of smooth-wall turbulence (Schlatter & Örlü, 2010a), the present
impermeable smooth wall case, and PS-C Trough case (no conditional averaging) are also
included. Particularly for the impermeable smooth wall case, the skewness profile is vali-
dated showing excellent agreement with Schlatter & Örlü (2010a) at comparable Reynolds
number (Re✓ 2, 540) except very close to the wall (y/  < 0.02). In Figure 4.21d, the skewness
profile for the PS-C Trough case (no conditional averaging) is higher in magnitude below
y/  = 0.05 as compared to the impermeable smooth wall case. Interestingly, this wall-normal
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Figure 4.21: Contour maps of (true) conditionally averaged u+ for (a) up-welling events
(v+ > 0) and (b) down-welling events (v+ < 0) at the reference point (i.e. point E in Fig-
ure 4.17). Wall-normal profiles of conditionally and line-averaged (c) u+rms and (d) streamwise
skewness.
the peak location in local u+rms for the trough region in Figure 4.6a. Taking into account
for the intrinsic link between skewness and amplitude modulation (Schlatter & Örlü, 2010b;
Mathis et al., 2011), these observations are of particular importance as they represent sup-
portive evidence of potential amplitude modulation of the near-surface flow by the overlying
surface flow for the current permeable wall model. These results suggest that the large-scale
structure responsible for the peak in u+rms may modulate the near-wall small-scale turbulence
above the permeable interface as previously reported by Efstathiou & Luhar (2018). This
supports the notion that amplitude modulation phenomenon is not a unique feature of im-
permeable walls but can be extended to rough-wall flow (Pathikonda & Christensen, 2017)
and the flow overlying permeable walls (Efstathiou & Luhar, 2018). Furthermore, since,
near the permeable interface, the skewness for the PS-C Trough case is higher in magnitude
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than the impermeable smooth wall case, it is possible that wall permeability may increase
the modulating e↵ect.
The conditionally averaged skewness profiles in Figure 4.21d show a clear impact of up-
/down-welling events at the interface on the streamwise skewness structure. Both profiles
begin to deviate away from the PS-C Trough case (no conditional averaging) below y/  = 0.6,
which corresponds to the upper limit of the permeability sublayer. This deviation between
two conditionally averaged skewness profiles away from the PS-C Trough case may result
from the e↵ect of an incident Reynolds number becoming larger/lower at the moment of
large-scale high-/low-speed streamwise flow, associated with down-/up-welling events at the
interface. The Reynolds-number e↵ect on the streamwise skewness was previously reported
by Metzger & Klewicki (2001) and Mathis et al. (2011).
To further examine the influence of wall permeability on the modulating e↵ect between
the large- and small-scale motion in the near-wall region, the snapshot PODmethod (Berkooz
et al., 1993; Adrian et al., 2000a) is utilized for scale decomposition in the flow overlying the
PS-C Trough case. The POD is performed for the targeted domain in the surface flow region
(12k ⇥ 3.5k or 3.4  ⇥ 1 ), and one-thousand snapshots of the velocity field are employed in
the POD analysis. Figure 4.22 displays the cumulative energy versus POD mode number
for three di↵erent cases. One is the case obtained from the original velocity fields (PS-
C Trough). In the other two cases (PS-C Trough, Up-/Down-welling), the snapshots are
sorted based on the above-mentioned sampling condition at the permeable interface as was
discussed in Section 4.3.1. As shown in Figure 4.22, the cumulative energy contribution for
all cases is almost identical, even in the most energetic mode. This indicates that energy
transport delivered by the penetrating flow across the wall interface is likely independent of
a particular up-welling or down-welling event.
Based on the result in Figure 4.22, we set the cuto↵ line at 60% of cumulative energy
to conduct the scale decomposition into the large- and small-scale turbulence for both up-



















Figure 4.22: Cumulative energy contribution as a function of POD mode.
most-energetic modes, and the rest of energy modes are reconstructed for the small-scale
motions. Figures 4.23 and 4.24 present contour maps of conditionally averaged large- and
small-scale POD fields with respect to the up- and down-welling event at the wall interface.
When comparing Figures 4.23a and 4.23b (or Figures 4.23c and 4.23d), it is evident that
the large-scale streamwise surface flow is negatively correlated with the large-scale vertical
flow at the wall interface depending on the up-welling or down-welling event as observed in
the result of LSE (Figure 4.16). Most interestingly, the small-scale turbulence activity very
close to the wall for both streamwise and wall-normal velocity components (Figure 4.24) is
suppressed/excited under the influence of negative/positive large-scale near-wall fluctuation
induced by up-/down-welling event at the interface. This structural behavior in space clearly
shows an indication of amplitude modulation, which rea rms the results from Figure 4.7.
Furthermore, just below the wall interface, small-scale energy seems to be modulated by the




































Figure 4.23: Contour maps of conditionally-averaged, large-scale POD field: (a,b) streamwise
and wall-normal large-scale motions for the up-welling case; (c,d) streamwise and wall-normal

































Figure 4.24: Contour maps of conditionally-averaged small-scale POD field: (a,b) rms
streamwise and wall-normal small-scale motions for the up-welling case; (c,d) rms streamwise




























Figure 4.25: Wall-normal profiles of conditionally averaged rms of small-scale streamwise
and wall-normal velocity based on a given POD results in Figure 4.23 and 4.24.
observation indicating that the amplitude modulation e↵ect not only occurs in the surface
flow region but also exists inside the pore space along the preferential path of the penetrating
flow.
Figure 4.25 presents a line average of the conditionally averaged small-scale u+rms and
v
+
rms. The line average is obtained in the same manner as Figure 4.21. In Figures 4.25
and 4.25b, the near-wall small-scale activity for the up-/down-welling case is noticeably
less/more intense during a large-scale negative/positive streamwise fluctuation, as observed
in Figure 4.21c. This structural behavior between the two profiles in each Figure 4.25a and
4.25b reverses after a cross-over point at y/  = 0.05, as expected. However, the di↵erence in
intensity between the two cases is smaller as compared to that of Figure 4.21c, indicating that
the current POD filter successfully decomposes the small-scale turbulence from the large-
scale motion. This structural trend is consistent with impermeable smooth wall observations
provided by Hutchins & Marusic (2007). These observations from the present POD analysis
lead to the suggestion that for the PS-C Trough case, large-scale streamwise fluctuations over




Utilizing high-resolution PIV measurements coupled with a refractive-index matching facil-
ity, the influence of wall permeability on the turbulence structure in the near-wall region and
the surface and subsurface flow interaction in the transitional layer has been investigated.
In the present study, permeable walls with a hydraulically smooth surface were used for this
purpose. The internal structure of the beds was obtained by packing uniform spheres in a
simple cubic arrangement. This wall model was intended to isolate the permeability e↵ect,
allowing assessment of the fundamental influence of wall permeability on the flow.
4.4.1 Applicability of permeability scaling,
p
K
For double-averaged velocity profiles over permeable walls in classic inner-scaling (Fig-
ure 4.3a), it was observed that the downward shift away from the impermeable smooth
wall profile increases with increasing ReK . Normalizing the wall-normal coordinate with
wall permeability (Figure 4.3b), double-averaged velocity profiles were surprisingly in an
excellent agreement, confirming that
p
K is an appropriate length scale, as pointed out by
Breugem et al. (2006) and Manes et al. (2011). In a recent study (Suga et al., 2017), it
was reported that some of the boundary-layer parameters, such as von Kármán coe cient
(), zero-plane displacement (d), and roughness length scale (k), are closely related to the
permeability Reynolds number, ReK , based on the flow overlying various homogeneous per-
meable beds with a high degree of porosity (  ⇠ 80 90%). Although the present permeable
wall provides much less porosity (  ⇠ 48%) than those in the previous studies and in turn
gives a di↵erent scenario in the boundary-layer characteristics, it is confirmed that, when
wall permeability is successfully isolated, the flow resistance induced by wall permeability
is a function of ReK based on the result from Figure 4.3. Thus, it may be possible for
permeable-wall turbulence to take a similar analogy of a roughness function ( U+) associ-
ated with non-dimensionalized roughness height (k+ or k+s , where k and ks are a roughness
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height and an equivalent sand grain roughness, respectively) as is the case for a canonical
rough-wall flow (Flack & Schultz, 2014) . Unfortunately, we could not accurately evalu-
ate such flow resistance due to the lack of direct measurement of wall permeability in our
case. However, the results from Figure 4.3 strongly support that
p
K is a key parameter to
characterize the flow over permeable smooth walls.
4.4.2 Impact of wall permeability on turbulence structure
It was found that the local boundary condition significantly influences the local turbulence
structures close to the wall interface (Figure 4.5 and 4.6). The open permeable interface
at the trough region notably increases the near-wall fluctuation intensity, indicating an en-
hancement in energy dissipation across the interface (Zagni & Smith, 1976; Zippe & Graf,
1983). On the other hand, near-wall turbulence structures along the local impermeable
boundary condition (at the crest region) experience a suppression in intensity, due probably
to a stress rebalance between two spanwise measurement locations. In quadrant analysis,
Figures 4.8 and 4.9 revealed that the contribution of Q2 (H = 4) events, which are associated
with up-welling events at the open permeable interface, play a dominant role in controlling
the local Reynolds shear stress structure. Due to a high degree of pore connectivity and
its resulting permeability, a pronounced up-welling flow imposes a distinct structural mod-
ification in Q2 (H = 4) close to the wall interface showing a near-wall peak (y/  ⇠ 0.1)
followed by a valley (y/  ⇠ 0.3) in comparison with the impermeable smooth wall case.
Taken together with a significant suppression in near-wall Q2 contribution at the crest, this
may explain why the current permeable wall exhibits a certain reduction in the near-wall
Reynolds shear stress in a double-averaging sense (Figure 4.9c) that represents the global
behavior under the influence of wall permeability. Recent experiments (Evans et al., 2018)
employing cubically-arranged micro-cylinders with a diverging tip, support the current ob-
servation. In this work, due to a vertical exchange of the flow across the wall interface, a
significant reduction in size of flow separation and a delayed separation point were presented
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in turbulent flow under the adverse pressure gradient, which may imply a reduction in flow
resistance.
The TKE budget analysis (Figure 4.10), shows that wall permeability strikingly impacts
the turbulence transport term, consistent with the observation reported by Breugem et al.
(2006). Specifically, we have found that the Q2 events closely associated with the up-welling
jet at the interface primarily the energy transport from the pore space into the surface flow
region, while the Q4 event is a main contributor to deliver the turbulent energy into the
pore space (Figure 4.11).
4.4.3 Surface and subsurface flow interactions in the transitional
layer
In the present study, we have explored the surface-subsurface flow interaction occurring in
the transitional layer. A trough case of the present wall model at the highest Reynolds
number (i.e. PS-C Trough) was chosen to investigate this flow interaction. Instantaneous
streamwise velocity fields (Figure 4.15) show that the positive/negative large-scale stream-
wise fluctuation in the surface flow region induces a down-/up- welling event at the wall
interface. Further, results from conditional average by LSE (Figure 4.16) confirm that the
surface flow is statistically correlated with the vertical flow event at the permeable interface
as reported by Breugem et al. (2006).
Based on the result of joint PDF of the fluctuating velocities (u+, v+) at various mea-
surement locations (Figure 4.19), the momentum transfer by the wall-normal fluctuating
velocity actively occurs along the preferential path of the penetrating flow (Figure 4.4b) and
substantially decreases as one approaches the bottom wall. It was observed that for the
current PS-C Trough case, up-welling flow events at the permeable interface, which transfer
pore space momentum into the surface flow region, are dominant in frequency, while the
down-welling events tend to occur with higher intensity. We also suspect that such tur-
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bulence structural patterns may be closely linked to a reduction in the near-wall Reynolds
shear stress in Figure 4.7c. For synthetic jet studies at the wall (Choi et al., 1994; Tardu,
2001; Rathnasingham & Breuer, 2003), local steady/unsteady blowing shifts the near-wall
quasi-streamwise Reynolds-shear-stress-producing vortices away from the wall, which in turn
leads to drag reduction. In the present case, it is suspected that with the frequent occurrence
of up-welling events at the wall interface controlling the large-scale Reynolds-shear-stress-
producing Q2 and Q4 distributions (Figure 4.20), a certain reduction in the near-wall shear
stress may be achieved in a similar manner to that of the blowing jet from the wall.
4.4.4 Imprint of the amplitude modulation on the
permeable-wall turbulence
In the surface flow region, we have observed that the large-scale streamwise fluctuations have
a modulating e↵ect on the small-scale turbulence activity close to the permeable interface,
which was first reported for the impermeable smooth wall turbulent boundary layer (Mathis
et al., 2009). Conditionally averaged u+rms with respect to the up-/down-welling events at
the wall interface (Figure 4.21c) shows that the up-welling events, typically associated with
the large-scale negative fluctuations, correlate with a less energetic small-scale activity in the
near-wall region. This observation provides basic statistical evidence of amplitude modula-
tion. This evidence is further confirmed by the streamwise skewness profiles in Figure 4.21d.
Given the intrinsic link between skewness and amplitude modulation (Schlatter & Örlü,
2010b; Mathis et al., 2011), streamwise skewness profiles over the permeable walls in Fig-
ure 4.21d show stronger values close to the wall compared to the impermeable smooth wall
case, which suggests that wall permeability may strengthen amplitude modulation. The
presence of amplitude modulation in the flow overlying the current permeable wall is clearly
visualized in contour maps of conditionally-averaged large- and small-scale flow fields de-
composed by POD (Figure 4.23 and 4.24). Small-scale streamwise turbulence close to the
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wall is noticeably suppressed or excited under the influence of the large-scale streamwise
fluctuation correlated with the large-scale vertical flow motion at the permeable interface.
We conclude that the amplitude modulation phenomenon observed in impermeable smooth-
wall and rough-wall flows (Mathis et al., 2009; Pathikonda & Christensen, 2017), may be
not exclusive to impermeable surface but may also occur in flows overlying permeable walls,
as first pointed out by Efstathiou & Luhar (2018).
More interestingly, this modulating e↵ect not only occurs in the surface flow region but
also extends to the subsurface. The joint PDF of the fluctuating velocities along the pene-
trating flow path (Figure 4.19c and 4.19e) revealed that the cloud of points has a longer tail
toward the third and fourth quadrants rather than the first and second quadrants. This trend
implies that, for the down-welling flow (v+ < 0), which is driven by high-speed large-scale
surface flow, penetrates into the pore space with an intense fluctuating energy. Conversely,
with the occurrence of up-welling flow (v+ > 0), that is induced by the low-speed large-scale
surface flow, flow momentum is transported into the surface flow region with rather sup-
pressed wall-normal fluctuation. This structural behavior observed in the joint PDF along
the preferential path (Figure 4.19c and 4.19e) clearly represents a signature of amplitude
modulation phenomenon even in the subsurface flow region. In addition, contour maps of
conditionally-averaged large- and small- scale turbulence using POD filer (Figure 4.23 and
4.24) reveals the existence of the amplitude modulation e↵ect inside the pore space along the
penetrating flow path. Therefore, we suggest that for the permeable wall, up-/down-welling
fluctuating flow along the preferential path of the penetrating flow is also modulated by the
large-scale events in the surface flow region until it full decays.
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Chapter 5
Permeable Rough wall: Role of
permeability and topography via
low-frame-rate PIV
The main focus of this chapter is to explore the permeability e↵ect on the turbulence in-
teractions across the transitional layer when it is accompanied by surface topography. The
current permeable rough wall, constructed by cubically-packed uniform spheres, has a cou-
pling e↵ect of wall permeability and topography that generates additional complexity to the
surface-subsurface flow interaction and its corresponding structural modification in the near-
wall region. Therefore, it is necessary to conduct a systematic investigation of the individual
roles of permeability and topography, decoupling one from another, as is attempted herein
with measurements over an impermeable rough wall, a permeable smooth wall and now the
permeable rough wall, whose topography is identical to the former and whose pore structure
is identical to the latter.
Since the permeable rough wall considered herein is characterized by a su ciently large
permeability Reynolds number (ReK   1) and a su ciently thick wall compared to the pen-
etration depth, the permeability e↵ect is first highlighted by comparing current permeable
rough wall and impermeable rough wall reported in Chapter 3 as they have the identical
surface topography. Similarly, the impact of surface roughness of the current permeable wall
is also emphasized in comparison to the permeable smooth wall case reported in Chapter 4.
This comparative approach is meant to address how the turbulent flow overlying a perme-
able wall is linked to the underlying pore flow and how their interplay is controlled by the
individual permeability and topography of the wall interface, respectively.
A similar analysis approach to that utilized in Chapter 4 is repeated in the present case.
First- and second-order velocity statistics are used to examine a statistical modifications
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imposed by wall permeability and surface topography in the surface flow region. In ad-
dition, the permeability length scale (
p
K), applied in double-averaged velocity profiles in
semi-log form, is further tested as an extension of Chapter 4 for its potential applicability
to predict the flow resistance in a global sense. The nature of the subsurface flow is ex-
plored with respect to the surface condition of the permeable wall using velocity statistics
and visualization of the mean flow. Finally, surface and subsurface turbulence interactions
across the transitional layer are discussed, employing various statistical approaches such as
instantaneous fluctuating velocity fields, joint PDFs, conditional averaging based on linear
stochastic estimation (LSE) and scale decomposition with POD. Finally, the notion of am-
plitude modulation in the permeable-wall turbulence is further discussed as was done in the
previous chapter for the smooth permeable wall case.
5.1 Surface flow region
In this section, the statistical modifications imposed by wall permeability coupled with
surface topography in the free flow region are examined. Cases IR-B and PR-A are considered
as representative examples for each impermeable and permeable rough wall model with the
same hemispherical surface topography. Since the Reynolds number and topographic e↵ects
are well isolated in these two cases (i.e. Re✓ ⇠ 3, 540 for IR-B vs. Re✓ ⇠ 3, 340 for
PR-A), doing so should highlight the e↵ect of permeability in the surface flow behavior.
The surface roughness impact on the near-wall structure is also addressed in this section,
comparing between the current permeable rough wall case and the permeable smooth wall
case reported in Chapter 4. In this regard, the PS-B smooth permeable case at a similar
Reynolds number (i.e. Re✓ ⇠ 3, 470) to the other rough-wall cases herein is utilized for this
purpose. Thus, this comparative study enables a better understand of the individual role
of wall permeability and surface topography in the structural alteration in the surface flow
region.
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5.1.1 Permeability and topographic e↵ect on mean flow structure
The impact of permeability on the near-wall surface flow is first explored by investigating
the ensemble-averaged flow fields of the impermeable rough and permeable rough walls that
have identical surface topography but di↵erent wall permeability. Figure 5.1 shows contour
maps of the mean wall-normal velocity at the crest and trough regions for both rough-wall
models. Similar to the previous chapters, the white mask in the crest region (Figure 5.1a
and 5.1b) demarcates the presence of the solid structure, while the boundary of the spheres
in the measurement plane is represented by solid lines. At the trough region (Figure 5.1c
and 5.1d), the solid phase is limited to the contact points between the spheres. Therefore,
the white circular mask in this case does not represent areas of solid phase but simply areas
of unresolved flow owing to remaining optical refraction. The measurements collected in
these regions were therefore considered biased due to excessive optical aberration caused
by imperfect RI match. Finally, the virtual origin o↵set is not considered in the vertical
coordinate system. Instead, the y-origin is placed on the bottom wall of the impermeable
rough wall and on the wall-normal center of the packing spheres of the top layer for the per-
meable rough wall. This allows the y-origin for both wall cases to reside at the same physical
location with respect to the surface topography. The coordinate system is normalized by
the roughness height, k, so the permeable interface is at y/k = 0 for the permeable case.
At the crest region (Figure 5.1a and 5.1b), the flow exhibits similar patterns in each case
as there is limited flow motion across the interface since the boundary condition at the crest
region is locally impermeable (i.e. no-slip penetration). On the other hand, a clear impact
of wall permeability in the trough region of the permeable model (Figure 5.1d) is apparent
due to the open interface that allows non-zero vertical flow across the wall. The streamlines
in the permeable case (Figure 5.1d) reveal vertical exchange of the flow across the interface,
while in the impermeable case they display a uniform and periodic recirculation cell between
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Figure 5.1: Contour maps of mean wall-normal velocity in the (a,b) crest and (c,d) trough
regions of the impermeable and permeable rough walls, respectively. Mean streamlines are
included for each case to highlight flow behavior across the permeable interface.
The impact of wall permeability on the surface flow are quantitatively assessed by com-
paring the wall-normal profiles of local mean streamwise velocity for each case. The term
’local’ flow, as defined in the previous chapters, is used herein to refer to a streamwise-
averaged representation along a specific spanwise position (i.e. crest or trough). Figure 5.2
presents these local mean streamwise velocity profiles. Particularly for Figure 5.2a and 5.2b,
the ordinate is shown in two di↵erent scalings: normalized by   along the bottom axis such
that the y-origin sits at the location of the virtual origin and normalized by k along the
top axis where the y-origin sits at the wall interface of the permeable wall (or bottom wall
for the impermeable rough wall) to provide a more physically intuitive measure relative to
the roughness size. For both the impermeable and permeable rough walls, mismatch in
the near-wall region is evident between the crest and trough regions owing to the spanwise
heterogeneity of the flow induced by the cubically-packed arrangement. However, above a
certain elevation, these local profiles converge, indicating that beyond this elevation the mean
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Figure 5.2: Local wall-normal profiles of mean streamwise velocity for the (a) impermeable,
(b) permeable rough walls, and (c) their comparison. The crest case is red and the trough
case is blue, while the vertical dashed lines represents the upper extent of the boundary
sublayer.
flow is no longer impacted by the local crest or trough conditions at the wall. In rough-wall
turbulence, the near-wall region where the flow is directly influenced by roughness element
is termed the roughness sublayer whereby flow above this region is una↵ected by roughness
in appropriate scalings. In the present work, however, the near-wall flow can be impacted
by both topographic e↵ects as well as wall permeability depending on the case considered.
Thus, to distinguish from the e↵ects of impermeable roughness, we refer to this region as
the boundary sublayer instead, whose wall-normal extent is determined in the same manner
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to the roughness sublayer defined as the y location where the standard deviation of the
double-averaged Reynolds shear stress profile falls below 5% (Cheng & Castro (2002), see
Section 2.7.4). By this definition, the upper extent of the boundary sublayer is 0.6  for the
impermeable case and 0.2  for the permeable wall case. Our results therefore suggest that
wall permeability renders the boundary sublayer thinner as demarcated by the trend shown
by vertical dashed lines in Figures 5.2a and 5.2b. Once all local velocity profiles for both
walls are plotted together in Figure 5.2c, it is evident that the local mean streamwise veloc-
ity at the crest region, for both wall cases, is entirely driven by topographic e↵ects, which
is not surprising since this spanwise position is locally impermeable even in the permeable
wall. However, at the trough, the permeable case shows a clear mean streamwise momentum
deficit away from that of the impermeable case due to the relaxation of the wall-blocking
e↵ect. This indicates that the thinning the boundary sublayer is likely controlled by the
surface-subsurface momentum exchange processes that are concentrated along the trough
region.
Figure 5.3 shows wall-normal profiles of the local mean velocity in defect form for both
impermeable and permeable rough wall models with respect to two di↵erent scaling: normal-
ized by inner variable and normalized by Zagarola and Smits scaling (ZS scaling hereafter)
which was previously defined in Section 3.2.1. Similar to Figure 5.2, near-wall flow e↵ects de-
pending on the spanwise measurement location are consistently observed in the local velocity
defect form for all cases (Figure 5.3). Also, local crest and trough profiles shows excellent col-
lapse to the impermeable smooth-wall profile beyond the boundary sublayer, represented by
vertical dashed line for all cases. This agreement with the impermeable smooth-wall profile
supports the accuracy of our virtual origin estimation for both impermeable and permeable
wall cases. Particularly for the ZS scaling, both the boundary layer ( ) and displacement
( ⇤) thickness were measured from a virtual origin in the current work as was discussed in
Section 3.2.1. Therefore, good agreement between impermeable smooth and both rough-wall
cases presented in Figure 5.3 provides further evidence for the accurate estimation in the
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Figure 5.3: Local wall-normal profiles of mean streamwise velocity defect, normalized by
(a,b) inner variables and (c,d) Zagarola and Smits scaling for the impermeable and permeable
rough walls, respectively.
virtual origin for the impermeable and permeable rough wall cases.
5.1.2 Flow resistance and permeability length scale,
p
K
In addition to the local flow behavior, the topographic e↵ect on the flow resistance based
on the double-averaged velocity profiles is studied by comparing the permeable smooth and
permeable rough wall cases. This analysis is a continuation of Section 4.4.1 that explored
the influence of wall permeability itself on the global behavior of the mean flow. Since
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the internal porous structure is identical between the permeable smooth and rough wall
models, the topographic e↵ect is well isolated in the current analysis. Figure 5.4 presents
double-averaged streamwise velocity profiles in inner scaling for both permeable smooth
and rough wall cases at all Reynolds numbers. Doing so allows us to appropriately show a
trend in the velocity profile with respect to the influence of wall permeability and surface
topography. Similar to Section 4.1.1, inner scaling involves normalization of the wall-normal
coordinate with the viscous length scale (⌫/u⌧ , Figure 5.4a) and permeability scaling with
wall permeability (
p
K, Figure 5.4b). In Figure 5.4a, profiles of the permeable rough wall
case show a consistent von Kármán coe cient ( ⇠ 0.38) to the impermeable smooth and
permeable smooth wall cases. This observation is very interesting because the von Kármán
constant () observed in Figure 5.4 seems to be insensitive to permeability and topography
for the current permeable walls, which is in contradiction to the notion reported by previous
experiments for permeable-wall turbulence (Suga et al., 2010; Manes et al., 2011; Suga et al.,
2017). These earlier experiments suggested that the von Kármán constant () is closely
related with ReK whereby increasing ReK , leads to  smaller than 0.37   38, which is
a typical value for canonical smooth-wall turbulent flows (Nagib & Chauhan, 2008). For
instance, Manes et al. (2011) reported that  fell in a range of 0.31 0.33 at ReK = 1.9 17.2
for open channel flow overlying polyurethane foam beds. In Suga et al. (2017),  was found to
be 0.25 0.4 at ReK = 0.93 11.12 for turbulent channel flow overlying foamed ceramics. In
the present case, the insensitivity of  to ReK herein (i.e. ReK ⇠ 25.3  71, see Table 2.4) is
suspected to stem from a geometric feature of the current permeable wall. Specifically, the
current permeable wall, comprised of cubic-packed uniform spheres, provides much lower
porosity (  ⇠ 48%) as compared to those in Manes et al. (2011) and Suga et al. (2017)
(  ⇠ 80  98%). It should also be noted that the current double-averaging method removes
spatial variability from the local mean flow and artificially extends the log layer towards the
wall interface as was discussed in Section 3.5.1. Hence, it is suspected that this consistent



































Figure 5.4: Double-averaged velocity profiles with the wall-normal coordinate normalized in
(a) viscous scaling and (b) permeability scaling for the permeable smooth and rough wall
cases. All Re# are considered, and the impermeable smooth wall profile is included for
comparison.
and the inherent feature of the present double-averaging method. Furthermore, ReK in this
study is much higher than the earlier experiments. Consequently, the relationship between
 and ReK may only be relevant for flow over s permeable wall that is characterized by a
homogeneous and highly porous bed.
A clear downward shift relative to the impermeable smooth wall profile is observed in
Figure 5.4a for both the permeable smooth and rough wall profiles, illustrating the Reynolds
number dependence. Since this downward shift is attributed to the increased friction at the
wall interface due to permeability and topography, it reflects a flow resistance. It is evident
that the downward shift for the permeable rough wall case is much larger than that for
the permeable smooth wall case when comparing the PS-B and PR-A cases at a similar
Re✓ (or PS-C and PR-B cases). As was discussed in Section 4.1.1, the downward shift of
the permeable smooth wall profiles results from some unexplored flow physics phenomenon
induced by wall permeability. For the permeable rough wall case, this shift is certainly
enhanced by a coupling e↵ect from both surface topography and wall permeability that
provides additional flow resistance at the wall interface. In Figure 5.4b, the topographic e↵ect
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becomes clearly visible when the wall-normal distance (y) is normalized by
p
K. Despite
good collapse for the permeable smooth wall profiles, the permeable rough wall profiles still
show a distinct downward shift away from the collapsed permeable smooth wall case. Such
downward shift becomes larger as the Reynolds number increases, highlighting that the flow
resistance due to surface topography is dependent on the Reynolds number.
The flow resistance associated with surface topography of the current permeable rough
wall is also appreciable in the location of the virtual origin. To be specific, for the permeable
rough wall case, the virtual origin (d), computed by the best-fitting method (see Section
2.7.2), resides 0.30k, 0.37k, and 0.44k below the roughness top in the case of PR-A, PR-
B, and PR-C, respectively (See Table 2.4). As expected, these virtual origin values show a
Reynolds number trend. Similar observations were reported in previous experiments (Manes
et al., 2011; Suga et al., 2017), specifically that the virtual origin proportionally increases as
ReK increases with following relationship:
d
+ = 8.9ReK   8, (5.1)
where superscript + denotes inner scaling. In the present case, this relationship is not
relevant due to the above-mentioned geometric feature of the present permeable wall and
the large surface roughness as compared to the homogeneous and highly porous beds used in
the earlier experiments to develop this relationship. Nonetheless, our results from Figure 5.4
still suggest a potential applicability of Reynolds number based on the permeability length
scale (ReK) as a parameter to estimate the flow resistance induced by wall permeability
and surface topography at the interface. One example could be a relation analogous to that
between roughness function ( U+) and non-dimensionalized roughness height (k+ or k+s ,
where k and ks are a roughness height and an equivalent sand grain roughness, respectively)
for a canonical rough-wall flow (Flack & Schultz, 2014).
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5.1.3 Permeability and topographic e↵ect on turbulence
statistics
Near-wall second-order statistics are also considerably influenced by both wall permeability
and topography. Contour maps of the ensemble-averaged root-mean-square (rms) wall-
normal velocity are shown in Figure 5.5 for both impermeable and permeable rough walls
at the crest and trough regions. The friction velocity (u⌧ ) is employed for the velocity
normalization since our interest lies in evaluating the turbulence friction near the permeable
interface. As expected, the impact of wall permeability is apparent at the trough region. The
permeable case (Figure 5.5d) present a signature of penetrating flow across the permeable
interface, which is not observed in Figure 5.5b for the impermeable wall case, as expected.
It is interesting to note that this penetrating flow (Figure 5.5d) passes along the forward
face of the contact point. This behavior was not noted in earlier PIV studies of this wall
arrangement owing to limited optical access to the interface Pokrajac & Manes (2009)
which is overcome herein using the RIM approach. It can therefore be inferred that for the
current permeable rough wall geometries, the turbulence interactions between the surface and
subsurface flows mainly occur at the trough region, particularly along the aforementioned
penetrating flow paths. It is also evident that the surface topography considerably influences
the formation of penetrating flow paths across the wall interface. For the permeable smooth
wall case reported in the previous chapter (Figure 4.4b), there exists an inclined nature of
the shear penetration occurring directly upstream of the contact point. On the other hand,
the hemispherical surface topography of the current permeable wall significantly modifies
the penetrating flow path, directed it straight down toward the deeper pores and parallel to
the vertical axis as depicted in Figure 5.5d.
Local vertical profiles of the local Reynolds shear stress ( uv+) in inner scaling are
shown in Figure 5.6. The impermeable smooth-wall case is included for comparison. The













































Figure 5.5: Contour maps of rms wall-normal velocity fluctuations in the (a,b) crest and
(c,d) trough regions of the impermeable and permeable rough walls, respectively.
increase in intensity is observed in Figure 5.6b at the trough region owing to the open
permeable interface along the trough side where momentum exchange occurs. Conversely,
the crest profile for the permeable rough wall (Figure 5.6b) undergoes a reduction in stress
close to the wall interface as compared to that of the impermeable rough wall. Similarly, the
rms profiles of the local streamwise and wall-normal velocity fluctuations (u+rms and v
+
rms)
shown in Figure 5.7 consistently show the same trend in the near-wall region depending
on wall permeability. It must be noted that a similar structural trend at the crest and
trough imposed by wall permeability was also found in the permeable smooth wall case
in Section 4.1.2. Thus, these observations clearly suggest that the local impermeable and
permeable boundary conditions at the crest and trough regions play a crucial role to increase
and/or decrease in near-wall turbulence intensity, independent of the surface condition of
the permeable wall.
Although the local boundary condition for both permeable smooth and rough walls in-
duces a similar structural modification close to the wall interface, surface topography clearly
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Figure 5.6: Local wall-normal profiles of Reynolds shear stress for the (a) impermeable and
(b) permeable rough walls. The vertical dashed line represents the upper extent of the
boundary sublayer.
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Figure 5.7: Local wall-normal profiles of (a,b) rms streamwise velocity and (c,d) rms wall-
normal velocity for the impermeable and permeable rough walls, respectively. The crest case
is red and the trough is blue, while the vertical dashed line corresponds to the upper extent
















































Figure 5.8: Double-averaged wall-normal profiles of (a) rms streamwise velocity, (b) rms
wall-normal velocity, and (c) Reynolds shear stress.
impacts the near-wall turbulence intensity. For instance, the rms wall-normal velocity at the
trough of the permeable rough wall (Figure 5.7d) embodies a strong secondary peak near
the wall, which was not observed in the permeable smooth wall case (Figure 4.6b). This
peak indicates that the permeable rough wall facilitates a more energetic vertical exchange
of momentum and energy through the permeable interface as compared to the one with
smooth surface due to surface topography.
The global impact of wall permeability and topography on the turbulence is now explored.
Figure 5.8 shows vertical profiles of the double-averaged rms streamwise and wall-normal ve-
locities and the Reynolds shear stress for all wall models considered in this work. Taking
one representative case from each wall model at similar Reynolds number (i.e. Smooth,
IR-B, PR-A, and PS-B, see Table 24), four profiles with di↵erent colored symbols are pre-
sented in each case. For the double-averaged rms velocity profiles and the Reynolds shear
stress profiles in Figure 5.8, those of the permeable rough wall (blue marker) are almost
indistinguishable from those of impermeable rough wall (red marker), despite the presence
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of very di↵erent boundary condition at the wall interface (e.g. slip and penetration). This
observation indicates that the e↵ect of permeability on the turbulence vanishes when the spa-
tial variability is removed by double averaging. In particular, the present double-averaging
method (i.e. superficial double-averaging) inherently alters the turbulence structures below
the roughness top (i.e. y/k < 1) multiplied by the roughness geometry function,  (y) as
was described in Section 2.6.1. Importantly, the wall-normal region below the roughness top
for the permeable rough wall case is where the permeability e↵ect induces noted structural
alteration as observed in the local turbulence intensity profiles in Figure 5.6 and 5.7. In
this regard, although the influence of wall permeability is clearly visible when comparing
the local turbulence structures between the impermeable and permeable rough wall cases,
it disappears in a double-averaging sense. This notion was first reported by Manes et al.
(2009) who conducted PIV measurements of the flow overlying impermeable and permeable
packed beds of uniform spheres. Another permeability e↵ect is noticeable in the near-wall
region when comparing the impermeable and permeable smooth wall (i.e. Smooth vs. PS-B)
is noticeable in the near-wall region for all cases in Figure 5.8. This di↵erence to the fact
that the roughness geometry function was not utilized during the double-averaging process
for the permeable smooth wall case due to the absence of surface topography. Therefore, it
can be inferred that the global impact of permeability for the permeable rough wall is under-
estimated in a double-averaging sense due to an excessive removal of the near-wall spatial
variability. A global impact of surface condition is also evident in the double-averaged tur-
bulence structure when comparing the permeable smooth and rough wall cases (i.e. PS-B
vs. PR-A) in Figure 5.8. The hydraulically smooth surface condition clearly presents a
certain reduction in hui+rms and  huvi+ in the near-wall region. This observation clearly
implies that the present surface roughness of the permeable wall causes a higher turbulence
activity in the near-wall region which is indicative of more e cient turbulence mixing across
the permeable interface by wakes shed from the hemispheres.
It must be noted that the double-averaged turbulence profiles for the current permeable
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rough wall cases (Figure 5.8) show excellent agreement with the impermeable smooth-wall
case across the boundary layer except the near-wall region. This agreement associated with
the outer-layer similarity for each impermeable rough wall case was addressed in detail in
Chapter 3. For the permeable smooth and rough wall cases, the observation in Figure
5.8 is consistent with previous work. In fact, for the flow overlying permeable walls, the
presence of outer-layer similarity was first reported by Manes et al. (2011), though their
work reported observations for the foam-type permeable walls with small surface roughness
(i.e. 10   36µm) whereas the roughness parameter is zero or quite large for the permeable
smooth and rough walls, respectively (k = 12.7mm or k+ ⇠ 340   760 for the permeable
rough wall herein, see Table 2.4). Hence, the present results from Figure 5.8 suggest that
outer-layer similarity is not simply a phenomenon apparent in rough-wall flows but can
also occur in permeable-wall turbulence regardless of the surface condition. Furthermore,
these results suggest that the wall-normal extent for which similarity is observed in the
outer layer is increased by permeability as the permeable rough wall case herein results in
thinning the boundary sublayer, meaning that the outer 80% of the boundary layer displays
similarity to smooth-wall flow as opposed to only 40% in the impermeable rough wall case.
Also, this extent is influenced by the surface condition of the permeable wall. For instance,
when the surface topography is absent, the upper limit of the boundary sublayer increases
to 0.6 . This is likely due to flow homogenization imposed by the present hemispherical
surface topography in the near-wall region resulting in a thinning the boundary sublayer as
compared to that of the permeable smooth wall case. This observation therefore allows one
to achieve meaningful comparisons between permeable and impermeable wall-bounded flows
using classical similarity approaches.
To examine the permeability e↵ect on the near-wall structure over the present permeable
rough wall, quadrant analysis is performed in the same manner to Section 3.4.2, utilizing the
hyperbolic hole size method Lu & Willmarth (1973). The size of the hyperbolic hole is kept
identical to the impermeable rough wall case (H = 4) to ensure an appropriate comparison
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with respect to the structural alteration imposed by wall permeability close to the permeable
interface. The IR-B and PR-A cases that provide a similar Reynolds number are considered
herein as a representative example for each impermeable and permeable rough wall case.
Figure 5.9 and 5.10 shows contour maps of high-intensity ejection (Q2) and sweep (Q4)
events for the impermeable and permeable rough wall models at both the crest and trough
regions. In these figures, the overall patterns in near-wall Q2 and Q4 contributions are
qualitatively similar between the impermeable and permeable rough walls at both spanwise
locations. However, permeability notably impacts the near-wall intensity of the quadrant
structure. For the present permeable rough wall, the local impermeable boundary condi-
tions at the crest (Figure 5.9a and 5.9b) significantly suppress high-intensity Q2 and Q4
contributions in the vicinity of the hemispherical element as compared to those in the im-
permeable rough wall cases (Figure 5.9a and 5.9c). In contrast, at the trough, Q2 structures
are enhanced in magnitude above the crest top (y/k > 1), while high-intensity Q4 con-
tributions are drastically amplified near the permeable interface in comparison with those
in Figure 5.10a and 5.10c. This structural trend imposed by wall permeability is further
confirmed in the local wall-normal profiles of Q2 and Q4 contributions presented in Fig-
ure 5.11. Similar observations were also reported in Section 4.1.2 for the permeable smooth
wall case. Thus, the results from Figure 5.11 suggest that the local impermeable and per-
meable boundary conditions at the crest and trough for the permeable walls constructed
from cubically-packed spheres herein plays a role to increase and decrease high-intensity
Q2 and Q4 contributions close to the wall interface, independent of the presence of surface
topography. In Figure 5.11b, the structural modification induced by wall permeability is
particularly appreciable in the Q2 profiles at both spanwise locations, whereas Q4 profiles
both at the crest and trough present a distinctive peak in the near-wall region residing at
the same wall-normal elevation as those noted in the impermeable rough wall case (Fig-
ure 5.11a). Since these near-wall peaks in Q4 stem likely from the local flow separation at
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Figure 5.9: Contour maps of (a,c) high-intensity ejection and sweep events for the imper-
meable rough wall case at the crest (i.e. IR-B Crest) and (b,d) high-intensity ejection and




x / k x / k


























Q2 (H=4) IR-B Crest
Q4 (H=4) IR-B Crest
Q2 (H=4) IR-B Trough
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Figure 5.11: Vertical distributions of high-intensity Q2 and Q4 (H=4) contributions for the
(a) impermeable (i.e. IR-B) and (b) permeable rough (i.e. PR-A) wall cases.
and 5.10), it can be inferred that intense Q4 contributions are mainly controlled by surface
topography in the present study. Finally, wall permeability a↵ects the cross-over between
Q2 and Q4 dominated region, specifically at the trough region. This cross-over occurs at
y/k ⇠ 0.7 at the trough for the impermeable rough wall case (Figure 5.11a), while the per-
meable rough wall case shows a notable shift away from the wall and in turn coincides with
the one at the crest residing near the crest top (y/k ⇠ 1, Figure 5.11b). Finnigan et al.
(2009) speculated that this cross-over could be a function of the canopy structure and of
the vorticity thickness. Therefore, we suspect that the sweep-generating vortices shed from
the side of hemispherical elements at the trough are intensified by wall permeability which
shifts the cross-over away from the wall interface. This phenomenon can be qualitatively
confirmed when comparing Figure 5.10c and 5.10d.
5.2 Subsurface flow region
This section explores the nature of the pore flow under the interaction of shear penetration
induced by the surface flow. The main focus in this section is to examine the role of surface
topography in the formation of the pore flow as compared to the flow characteristics within
the smooth permeable wall reported in Section 4.2. For this purpose, two representative
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sets of the subsurface flow from each wall model are chosen: the PR-A and PS-A cases (i.e.
Re✓ ⇠ 3,340 and 2,500, respectively). These two sets of flow provide a minimal di↵erence in
Reynolds number rather than any other combinations in the present pore flow measurements
from each wall model (see Tables 2.2 and 2.3). Thus, doing so allows one to assume that the
subsurface flow in the PR-A and PS-A cases is influenced by a similar flow momentum in
the free flow region and consequently allows one to fulfill an appropriate comparative study.
Contour maps and line plots reported in the current section are made in an identical manner
to those in Section 4.2. Also, the present analysis is based on first- and second-order velocity
statistics at each local flow position (i.e. crest vs. trough).
5.2.1 Topographic e↵ect on the subsurface flow
Figure 5.12 presents contour maps of mean streamwise and wall-normal velocity in the
subsurface at the crest and trough region of the current permeable rough wall (i.e. PR-A).
The ordinate is normalized by k, and thus the permeable interface is positioned at y/k = 0
in Figure 5.12. Both the streamwise and wall-normal velocity are normalized by the local
free-stream velocity (U e) depending on the spanwise location, and streamlines are included
to illustrate mean flow structures inside the pore space.
Overall, the mean flow structurs presented in Figure 5.12 are very similar to those for the
permeable smooth wall case reported in Section 4.2.1. For instance, for the mean streamwise
velocity at the trough (Figure 5.12b), there exists a clear velocity dip at the first pore
space and a consecutive recovery process in momentum as the bottom wall is approached.
This behavior is due to the direct influence of vertical penetrating flow driven by a fast-
moving surface flow (Pokrajac et al., 2007b) as depicted by the V contours at the trough
(Figure 5.12d). A similar flow pattern to the permeable smooth wall case is also observed at
the crest region (Figure 5.12a), suggesting a secondary motion driven by the mean flow in
the neighboring trough regions. This consistent observation results from a channeling e↵ect
along the trough side for the current permeable walls comprised of cubic-packed uniform
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Figure 5.12: Contour maps of (a,b) mean streamwise velocity and (c,d) mean wall-normal
velocity with streamlines in the pore space of the permeable rough wall at the crest and
trough regions, respectively. Lowest Re# case is considered (i.e. PR-A).
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Figure 5.13: Contour maps of rms wall-normal velocity fluctuations in the pore space of the
permeable rough wall at the (a) crest and (b) trough regions. Lowest Re# case is considered
(i.e. PR-A).
spheres.
Nevertheless, the impact of surface topography on the subsurface flow is evident. For
the mean streamwise velocity, at the trough (Figure 5.12b), the momentum deficit of the
pore flow at the first pore space appears larger than that reported in Figure 4.12b for the
permeable smooth wall case. This di↵erence is due to that fact that the present surface
roughness of the permeable wall induces a more vertically oriented penetrating flow into
the pore space that interacts with the subsurface flow at the top layer. In turn, streamwise
momentum of the pore flow at this wall-normal elevation drastically decreases, representing
a higher momentum exchange as illustrated in Figure 5.13b for the contours of the rms
wall-normal velocity fluctuation at the trough region. Also, Figure 5.12d clearly displays the
topographic e↵ect on the direction of the vertical penetrating flow across the open permeable
interface at the trough region in comparison to Figure 4.12d for the permeable smooth wall
case. The rms wall-normal velocity contours at the trough (Figure 5.13b) further visualize
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this directional nature of the shear penetration for the present permeable rough wall. As
was discussed in section 5.1.3, the penetrating flow for the current wall (Figure 5.13b) is
directed more downward towards the bottom wall and so results in a deeper penetration
depth, while the permeable smooth wall case (Figure 4.13) exhibits an inclined nature of
the flow penetration toward the bottom wall owing to the absence of the surface topography
and therefore exhibited a more shallow penetration depth. Further evidence of this e↵ect
owing to surface topography is noted as intense wall-normal fluctuations are visible directly
upstream of the contact point up to the second pore layer (y/k =  3) shown in Figure 5.13b.
For the permeable smooth wall case, however, such intense vertical fluctuations are mostly
confined within the top pore layer (Figure 4.13b). These observations suggest that when the
Reynolds number and the internal porous structure are isolated, surface topography plays
a critical role in enhancing the penetration depth which thickens the transitional layer and
therefore results in more e cient momentum exchange deeper into the pore space.
To quantitatively assess this topographic impact, Figure 5.14 presents vertical profiles of
the local mean streamwise velocity and turbulence intensities spanning from the bottom wall
across the pore space to the near-wall surface flow region (up to y/k = 2). As mentioned
earlier, we consider one set from each permeable rough and smooth wall case at a similar
Reynolds number (i.e. PR-A, Re✓ ⇠ 3,340 vs. PS-A Re✓ ⇠ 2,500). In each plot, hollow red
and blue markers represent the PR-A case at the crest and trough, while filled red and blue
markers correspond to the PS-A case at the crest and trough, respectively. The permeable
interface resides at y/k = 0, and some disconnects found along the profiles (particularly
at the trough case) is due to the mask that excludes an unresolved area by PIV stemming
from excessive optical aberrations in the raw PIV images. In general, the mean velocity
and turbulence intensities profiles at the crest for both walls (Figure 5.14) are essentially
negligible as compared to the trough profiles owing to the local impermeable boundary
condition. Thus, our focus herein will be on the trough region which allows a strong and
active momentum transport throughout the open permeable interface.
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Local mean velocity profiles in Figure 5.14a present a clear e↵ect of surface condition
of the permeable wall in momentum loss occurring at the first pore layer. In particular,
for the permeable rough wall case at the trough, the mean streamwise velocity at the wall-
normal center of the top layer (y/k =  1) is U/U e ⇠ 0.05, whereas it is U/U e ⇠ 0.1 for
the permeable smooth wall case at the same wall-normal location. For the rms wall-normal
velocity (v+rms), the trough profile of the permeable rough wall case is higher in magnitude
than that of permeable smooth wall case near the wall interface. These observations in U/U e
and v+rms imply that surface topography provides an enhanced wall-normal perturbation to
the penetrating flow that drives larger momentum deficit of the subsurface flow at the top
pore space.
The topographic impact is also appreciable even in deeper layers in these vertical profiles
of turbulence quantities (Figure 5.14b and 5.14c). For the rms wall-normal velocity at the
trough (Figure 5.14c), the fluctuating intensity of the rough wall case shows a local maximum
at each wall-normal center of the packing sphere (i.e. y/k =  2 and -4) and finally becomes
zero at y/k =  5, as illustrated in the corresponding contours (Figure 5.14d). This result
originates not only from the enhanced magnitude but also from an altered direction of the
penetrating flow by the surface topography, more vertically toward the bottom wall. Also,
a more pronounced pulsating nature of the pore jet passing through the packing layer is
attributed to the local peak in v+rms inside the pore space (Blois et al., 2012b). On the other
hand, for the permeable smooth wall case in Figure 5.14c, turbulence penetration at the
trough more quickly decays and becomes zero at y/k =  3 with no distinct local maximum
along the profile. Therefore, the trends in Figure 5.14c suggest that for the permeable rough
wall case, the aforementioned nature of the penetrating flow causes a deeper turbulence















































Figure 5.14: Wall-normal profiles of (a) mean streamwise velocity, (b) rms streamwise velocity, (c) rms wall-normal velocity,
and (d) Reynolds shear stress in the pore space for permeable smooth and rough wall cases (i.e. PS-A vs. PR-A).
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In addition to v+rms, vertical profiles of the local rms streamwise velocity (u
+
rms) in Fig-
ure 5.14b shows a distinct structural pattern in the subsurface flow depending upon the
surface condition of the permeable wall. The vertical penetrating flow enhanced by the sur-
face topography leads to a structural modification in u+rms deeper into the porous bed. As
was discussed in Section 4.2.1 for the permeable smooth wall case, the u+rms structure from
the 2nd to 4th pore layers remains consistent with no influence of the penetrating flow as
presented in Figure 5.14b and this structural pattern results from turbulence phenomenon
by means of a bulk convecting pore flow along the trough side, shedding small-scale vortices
from a spanwise contact between the spherical elements. Based on this structural pattern
for the permeable smooth wall case, Figure 5.14b shows that surface topography alters the
u
+
rms structure inside the pore space up to y/k =  5. In the bottom pore layer, however,
the u+rms structure for both permeable walls appear quite similar, indicating that the topo-
graphic e↵ect does not exist in this region. Unlike the rms velocities, vertical profiles of the
Reynolds shear stress in Figure 5.14d drastically decay to zero up to y/k =  1, which is
the wall-normal center of the first pore layer and remain consistent for both walls across the
rest of the subsurface flow region. This observation clearly suggests that the Reynolds shear
stress within the pore space is insensitive to the surface condition of the permeable wall.
Instead, it decays very quickly as highlighted by Kuwata & Suga (2016).
5.3 Transitional layer
Turbulence interaction between the surface and subsurface flow regions is investigated in this
section based on various statistical approaches such as instantaneous velocity fields, joint
PDF, and conditional averaging. Since the vertical flow exchange mainly occurs across the
open permeable interface at the trough region, the trough case of the present permeable rough
wall at the intermediate Reynolds number (i.e. PR-B Trough) is considered as a targeted
example. The comparison is made with the results reported in Chapter 4 for the permeable
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smooth wall at the trough region (i.e. PS-C Trough). These two examples have a similar Re✓
(i.e. Re✓ ⇠ 5, 200 for PR-B Trough vs. Re✓ ⇠ 4, 840 for PS-C Trough) to properly isolate
the Reynolds number e↵ect. Thus, the current work addresses the topographic impact on
the flow interaction across the transitional layer.
5.3.1 Topographic e↵ect on the flow interactions
Figures 5.15a and 5.15b present contour maps of the instantaneous streamwise velocity su-
perimposed with streamlines and the corresponding streamwise fluctuations with in-plane
vectors, respectively. The ordinate in Figure 5.15 is normalized by the roughness height (k)
to intuitively highlight the instantaneous flow motion close to the permeable interface. The
streamlines in Figure 5.15a reveal the multiple events of up-welling (x/k = 8 and 10) and
down-welling (x/k =0.5, 2.5, and 4.5) flow across the interface in this single instantaneous
PIV snapshot. Figure 5.15b illustrates these up- and down-welling events are closely related
with the passage of large-scale negative and positive streamwise velocity fluctuations, respec-
tively, as previously observed in Figure 4.15 for the permeable smooth wall case. However,
the vertical flow motions in the current wall are more pronounced compared to those in
Figure 4.15 for the smooth permeable case. For instance, the up-welling jet positioned at
x/k = 8 in Figure 5.15a protrudes into the overlying flow up to 3k away from the perme-
able interface and is coincident with the existence of a high-intensity low-momentum event
above the interface. On the other hand, the flow penetration by the up-welling event for
the permeable smooth wall case (Figure 4.15) is much weaker, protruding only up to ⇠ 0.7k
away from the interface. These observations strongly suggest that the surface topography of
permeable walls can significantly influence fluid exchange at the wall interface by controlling
the large-scale Reynolds-shear-stress-producing ejection and sweep events.
Estimates of conditional averages by linear stochastic estimation (LSE) were carried out
to further explore the mutual interplay between the near-wall surface flow and vertical flow
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Figure 5.15: Contour maps of (a) instantaneous streamwise velocity superimposed with
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Figure 5.16: Conditional average by linear stochastic estimation (LSE) of uj given by v+ > 0
and v+ < 0 at point E in Figure 5.17, respectively.
for the smooth permeable case was utilized here again to ensure consistency in comparison
with the permeable smooth wall case. These conditions allow one to selectively identify a
pronounced vertical motion at the reference point, corresponding to Point E in Figure 5.17
(x/k = 4.4 and y/k =  0.2). As a result, Figures 5.16a and 5.16b display contour maps
of the conditionally-averaged fluctuating velocity (u), given an event of v+ > 0 or v+ < 0,
respectively, at the permeable interface. The results in Figure 5.16 confirm a consistent
relationship between the low-/high-momentum large-scale events in the near-wall surface
flow region and the up-/down-welling jets at the permeable interface. Furthermore, it is
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evident that the surface topography of the present permeable wall directly impacts the spatial
correlation between the surface and subsurface flows linked by the vertical transport of fluid
as compared to Figure 4.16 for the permeable smooth wall case. In particular, Figures 5.16a
and 5.16b present a enhanced streamwise coherence in the surface flow region induced by the
wall-normal flow event across the interface compared to the permeable smooth wall (Figure
4.16). This enhancement may be due to the channeling e↵ect on the flow overlying the current
permeable rough wall at the trough region that forms an elongated coherent structure in
the streamwise direction as was observed in the two-point spatial velocity correlations in the
impermeable rough wall case (Figure 3.7). Also, Figures 4.16a and 4.16b highlight opposing
signs of the contours between the surface and subsurface flow regions which indicates that
the prevailing high-/low-momentum in the surface flow is statistically associated with the
dominance of low-/high-momentum in the subsurface flow as supported by Breugem et al.
(2006). However, this pattern is weak at best when surface topography is absent in Figure
4.16 for the smooth permeable case. These statistical observations highlight the e↵ect of
the surface topography in altering the streamwise coherence of the subsurface flow at the
top pore layer with respect to the surface flow, although the vertical transport event across
the permeable interface is consistently tied with the surface flow. These results suggest that
the surface roughness drives more e cient turbulence mixing in the transitional layer by
imposing more pronounced surface and subsurface flow interactions.
The structure of turbulence across the transitional layer was also explored using joint
PDFs of the fluctuating velocities (u+, v+). As illustrated in Figure 5.17, six measurement
points were considered in a similar manner to those for the permeable smooth wall case. The
red shadings in Figure 5.17 represent the penetrating flow paths based on the results from
Figure 5.5d. Two of the measurement points (A and D) reside in the surface flow region at the
crest top (y/k = 1 or (y+d)/  0.06), two others (B and E) sit directly beneath the interface
(y/k =  0.2), and the remaining two (C and F) positions reside at the wall-normal center
of the first pore space (y/k =  1). Unlike the permeable smooth wall case, points E and F
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Figure 5.17: Schematic illustration of the sample points for the joint PDFs in the vicinity of
the permeable interface for the permeable rough wall. Red contours represent preferential
paths for the penetrating flow based on Figure 5.5d.
are positioned at the leading and tail-edge of the penetrating flow path inside the pore space
of the present permeable rough wall, respectively. Figure 5.18 shows the joint PDF from
each sample point, and the same color scale representing the percentage of points contained
within each bin of the joint PDF is used for a proper comparison with the permeable smooth
wall case (Figure 4.19). In the surface flow region, the cloud of points at point A and D
(Figure 5.18a and 5.18d) show a similar pattern characterized by an oval-shaped distribution
in fluctuating velocities aligned along the second and fourth quadrants. Inside the pore
space (B, C, E, and F), the intensity of the fluctuating velocities is drastically attenuated
except in the region where the penetrating flow preferentially passes. At the leading edge
of the penetrating flow path (Figure 5.18e), the distribution cloud becomes significantly
elongated and symmetric along the vertical axis. From this result, it is evident that up-
welling events (i.e. ejection motions) occur more frequently than down-welling events (i.e.
sweep motions), whereas the intensity of the down-welling events tend to be higher. Further,
when up-welling events occur, both the streamwise (u+) and wall-normal (v+) fluctuations
are rather suppressed compared to those for the down-welling events in Figure 5.18e. These
structural patterns suggest the potential existence of amplitude modulation phenomenon of
the subsurface flow driven by the free flow as was previously discussed in Section 4.4.4 for
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Figure 5.18: Joint PDFs of fluctuating velocity (u+, v+) for position A-F in Figure 5.17.
the permeable smooth wall case. At the tail-edge shown in Figure 5.18f, although the overall
features remain invariant, the fluctuating velocities decrease in intensity and symmetry is
lost along the vertical axis in accordance with that reported by Pokrajac & Manes (2009).
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The results from Figure 5.18 reveal a distinct influence of surface topography on the
turbulence structure across the transitional layer as compared to that of the permeable
smooth wall case (Figure 4.19). This topographic e↵ect is particularly appreciable at the
leading edge of the penetrating flow path marked as point E for both walls. The presence of
the hemispherical roughness elements not only renders the flow penetration parallel to the
wall-normal axis but also enhances the intensity of the fluctuating velocities associated with
these penetration events at point E (Figure 5.17e) in comparison with that of the permeable
smooth wall case (Figure 4.19e). Therefore, the vertical momentum exchange across the
permeable interface varies with the surface topography of the permeable wall. It should
also be noted that, although the surface topography induces a notable enhancement of the
vertical momentum exchange across the interface, the statistical pattern of the penetrating
flow at point E for both permeable smooth and rough walls remains identical in the sense that
the vertical transport of fluid is characterized by higher frequency for the up-welling events
and higher intensity for the down-welling events, independent of the surface topography in
the current study.
Conditionally-averaged quadrant analysis with a large hyperbolic hole size (H = 4) was
performed to examine the influence of the up-welling and down-welling events across the
interface on the high-intensity quadrant contributions. The same reference point as that
considered in LSE (i.e. point E in Figure 5.17) was used with the identical sampling con-
ditions. Figure 5.19 presents contour maps of conditionally-averaged, high-intensity Q2 and
Q4 contributions with respect to the up- and down-welling events at the given reference
point for the permeable rough wall. Figures 5.19a and 5.19b highlight that the up-welling
jet across the interface increases high-intensity Q2 contributions and decreases Q4 contri-
butions in the near-wall region. The opposite occurs for the case of a down-welling event.
These structural patterns, depending on the vertical penetrating flow across the interface,
are consistent with those of the permeable smooth wall case (Figure 4.20). However, the
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Figure 5.19: Contour maps of conditionally averaged (a,c) high-intensity ejection and sweep
events given by v+ > 0 and (b,d) high-intensity ejection and sweep events given by v+ < 0
at point E in Figure 5.17.
tributions with respect to the vertical flow event at the interface as compared to that of
the permeable smooth wall case (Figure 4.20). This occurs because the channeling e↵ect at
the trough of the present permeable rough wall yields flow structure that is larger in the
streamwise direction and in turn results a broader impact on the formation of high-intensity
quadrant events associated with the wall-normal flow event across the transitional layer.
5.3.2 Statistical imprint of amplitude modulation
For the permeable rough wall at the trough region, Figure 5.20 exhibits contour maps of
(true) conditional averaging in u+ and v+ according to the vertical flow motion at the
reference point (i.e. point E in Figure 5.17). As observed in the conditional average by
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LSE (Figure 5.16), large-scale negative and positive events in the surface flow region is
statistically linked to up- and down-welling jets across the permeable interface in Figure 5.20.
Also, streamwise flow structure above the interface tends to be larger in scale and higher in
intensity than those of the permeable smooth wall case (Figure 4.21) owing to the presence
of surface topography. Based on these results, vertical profiles of rms streamwise and wall-
normal velocity fluctuations are shown in Figures 5.21a and 5.21b. Streamwise averaging was
utilized for all cases in Figure 5.21 in a similar manner to that in Section 4.3.2. As described
earlier, a streamwise range for averaging is set between the left- and right-most boundaries
around the reference point (xref ) that satisfies ⇢uu > 0.5 (where ⇢uu is the two-point spatial
correlation coe cient of u at (y + d)/  = 0.05). In this case, the averaging is computed
over 2.5 < x/k < 6.3, demarcated by the vertical dashed-dot lines in Figure 5.21 (where the
streamwise reference point is xref/k = 4.4 herein, equivalent to point E in Figure 5.17). This
range is elongated compared to that of the permeable smooth wall case (i.e. 3.6 < x/k < 5.3)
due to a larger streamwise coherence at the trough region. Hence, the wall-normal profiles
in Figure 5.21 appropriately reflect the structural features of the coherent motion in u+rms
and v+rms, imposed by the vertical penetrating flow across the interface.
Close to the wall interface in Figure 5.21, both rms streamwise and wall-normal velocity
fluctuations for the up-welling case (red marker) are higher in magnitude than those for the
down-welling case (blue marker). It should be noted that, as discussed in Section 4.3.2,
the near-wall character in the current u+rms and v
+
rms profiles is dominated by small-scale
fluctuations (Smits et al., 2011). Thus, the result from Figure 5.21 can be rephrased as
the large-scale positive /negative surface flow, closely associated with the down-/up-welling
event at the wall interface, modulates the near-wall small-scale turbulence activity to be
more energetic/quiescent. This observation, referred to as amplitude modulation, was orig-
inally reported in the classical smooth-wall turbulent boundary layer (Mathis et al., 2009)
and recently identified in rough-wall turbulent boundary layers (Blackman & Perret, 2016;





















Figure 5.20: Contour maps of (true) conditionally averaged (a) u+ and (c) v+ for an up-
welling event (v+ < 0) and (c) u+ and (d) v+ for a down-welling event (v+ < 0) at the
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Figure 5.21: Wall-normal profiles of conditionally and line-averaged (a) u+rms and (b) v
+
rms.
imprint of the modulating phenomenon is observed in the flow overlying both the perme-
able smooth (Figure 4.21) and rough walls. This observation indicates the robust nature of
amplitude modulation independent of the surface condition of the permeable wall. It is in-
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teresting to note that a cross-over exists between the two profiles in Figures 5.21a and 5.21b
as observed in the permeable smooth wall case. This cross-over stems from the influence
of the large-scale event on the small-scale energy distribution away from the wall (Ganap-
athisubramani et al., 2012). For instance, large-scale positive/negative fluctuations in the
surface flow region induce decrease/increase in small-scale turbulence energy with increasing
wall-normal position. In addition, the cross-over in Figure 5.21 resides close to the virtual
origin, (y+d)/  = 0, at 0.36k below the roughness top (see Table 2.4) for both the u+rms and
v
+
rms cases. This wall-normal elevation coincides with the peak location found in the local
u
+
rms at the trough region (Figure 5.7c), which is consistent with the permeable smooth wall
case as well as that reported by Ganapathisubramani et al. (2012) and Efstathiou & Luhar
(2018). Further, this observation implies that the amplitude modulation phenomenon in the
present wall cases is active below the half of the roughness height at the trough region.
To visualize the spatial signature of the influence of the large-scale surface flow on the
near-wall small-scale turbulence activity, POD was utilized to separate the small-scale fluc-
tuating velocities from the large-scale motion in the transitional layer (Adrian et al., 2000a).
To do this, the snapshot POD method (Berkooz et al., 1993) was performed for the tar-
geted domain in the transitional layer (12k ⇥ 4.9k or 2.5  ⇥ 1 ), and one-thousand velocity
snapshots were employed in the present POD implementation. Similar to the permeable
smooth wall case (Section 4.3.2), three di↵erent scenarios are considered with respect to the
conditions of the vertical flow events at the wall interface: one is the case obtained from the
original velocity fields with no conditioning (i.e. PR-B Trough), while the other two cases
(i.e .PR-B Trough, Up-/Down-welling) only utilize snapshots that are conditionally selected
based on the aforementioned sampling conditions at the reference point as was defined in
Section 4.3.1. Figure 5.22 shows the cumulative energy versus POD mode for the aforemen-
tioned three cases. Interestingly, all profiles in Figure 5.22 are almost identical even in the
most energetic mode. A similar result was previously found in the permeable smooth wall



















Figure 5.22: Cumulative energy distribution as a function of POD mode.
independent of a particular up-welling or down-welling event. However, it must be noted
that the surface topography of the present permeable rough wall impacts the energy con-
tribution in the POD mode as compared to that of the permeable smooth wall case. For
instance, the first thirty most-energetic modes correspond to 60% of cumulative energy for
the permeable rough wall, while the first forty-six most-energetic modes for the permeable
smooth wall case yields the same cumulative energy level. This di↵erence is likely due to the
larger scale of the coherent motions at the trough region imposed by the cubically-arranged
hemispherical elements of the permeable rough wall that was observed in Figure 5.20.
Utilizing this information of the cumulative energy (Figure 5.22), the cuto↵ line was set
at 60% of cumulative energy to perform the scale decomposition into the larger- and smaller-
scale turbulence for both up-welling and down-welling cases. Velocity fields for the large-scale
motion are reconstructed including the thirty most-energetic modes, while the remainder of
POD modes are used to reconstruct velocity fields corresponding to the small-scale motions.
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Figures 5.23 and 5.24 illustrate contour maps of conditionally averaged large- and small-scale
POD fields with respect to up- and down-welling events across the permeable interface. As
observed in the results of LSE (5.16) and true conditional averaging (5.20), a negative
correlation between the large-scale surface flow and the vertical transport of fluid across
the wall interface is clearly seen when comparing Figures 5.23a and 5.23b (or Figures 5.23c
and 5.23d). Due to the cubically-packed hemispherical topography, the size and intensity
of the large-scale events in Figure 5.23 are larger than those for the permeable smooth wall
case, as expected. Also, it is evident that the large-scale events associated with up-/down-
welling jets at the interface considerably impact the small-scale energy in the vicinity of the
permeable interface. Figure 5.24 clearly visualizes the suppression/ enhancement in small-
scale activity in both the streamwise and wall-normal velocity components with respect to
the occurrence of the low-/high-speed surface flow, closely associated with the up-/down-
welling motions. These observations further support the existence of amplitude modulation
e↵ects in the current flow overlying the permeable rough wall. Most interestingly, this
modulating phenomenon is visible even inside the pore space along the preferential path of
the penetrating flow as was found in the permeable smooth wall case. This result further
confirms the conjecture that the small-scale penetrating turbulence imposed by the surface
flow is modulated by large-scale surface flow events.
5.4 Summary
The results presented in this chapter explored the specific impact of wall permeability on
turbulence interactions across the transitional layer and its resulting structural alteration
of the surface and subsurface flow when coupled with surface topography. As done in the
previous chapter, high-resolution PIV measurements were performed in the RIM facility.
The permeable wall considered herein was constructed of cubically-packed uniform spheres
























Figure 5.23: Contour maps of conditionally-, averaged large-scale POD field: (a,b) stream-
wise and wall-normal large-scale motions for an up-welling event; (c,d) streamwise and wall-



























Figure 5.24: Contour maps of conditionally-averaged, small-scale POD field: (a,b) rms
streamwise and wall-normal small-scale motions for an up-welling event; (c,d) rms streamwise
and wall-normal small-scale motions for a down-welling event.
159
adjacent to the surface flow as compared to that discussed in Chapter 4. Therefore, com-
parisons have been made between the current data and that from the impermeable rough
wall (Chapter 3) and the permeable smooth wall (Chapter 4), highlighting the independent
role of permeability and topography, respectively.
Due to the topographical arrangement of the hemispheres, spanwise heterogeneity was
found in the surface flow field as noted in the impermeable wall case (see Chapter 3). While
for the specific geometry considered herein, surface topography may have a prevailing influ-
ence in establishing the thickness of boundary sublayer (i.e. how deep the e↵ects of the wall
conditions penetrate into the surface flow), permeability plays a crucial role by modifying
the near-wall turbulence. In particular, near-wall turbulence for the permeable-wall flow
was found to be highly heterogeneous and topography dependent. In general, permeabil-
ity seemed to increase the near-wall stress along the trough region of the cubically-packed
spheres by facilitating mass and momentum exchange across the interface. Consequently,
the results of the local flow statistics (i.e. first- and second-order) suggested that wall per-
meability with a su ciently large Reynolds number (Rek   1) and a su ciently thick wall
compared to the penetration depth induces a thinning of the boundary sublayer, which is
a byproduct of the flow homogenization close to the wall interface. Despite the flow het-
erogeneity induced by surface roughness and wall permeability, the flow over the current
permeable rough wall displays reasonably good agreement with the impermeable smooth-
wall flow outside of the boundary sublayer.
The global impact of permeability and surface topography on the surface flow was as-
sessed using a double-averaging approach utilized previously in the literature when consid-
ering a similar wall geometry (Nikora et al., 2007). For double-averaged velocity profiles
over permeable rough walls in inner-scaling (Figure 5.4a), profiles of the permeable rough
wall case present a consistent von Kármán coe cient ( ⇠ 0.38) to the impermeable and
permeable smooth-wall cases along the extended log layer towards the wall interface as was
discussed in Section 3.5.1. The downward shift of these profiles for the permeable rough-wall
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case was also observed, reflective of a Reynolds number dependence. Due to the coupling
e↵ect of both wall permeability and surface topography, this shift, reflecting a flow resis-
tance, is larger in magnitude than that of impermeable smooth-wall case when comparing
similar Re✓. This particular impact of surface topography in the double-averaged velocity
profiles is clearly visible when normalized by
p
K (Figure 5.4b). In the global representation
of the turbulence structure shown in Figure 5.8, it is evident that the e↵ect of topography is
dominant over that of permeability in the near-wall region for the impermeable and perme-
able rough-wall cases, consistent with that reported by Manes et al. (2009). In contrast, the
near-wall turbulence is significantly altered when the surface interface of permeable walls
varies as was the case when comparing the permeable smooth- and permeable rough-wall
flows. Nevertheless, the double-averaged turbulence profiles consistently show good collapse
with those of the impermeable smooth-wall flow outside the boundary sublayer, in accordance
with Townsend’s wall similarity hypothesis.
Turbulence interactions between the surface and subsurface flows was investigated with
respect to the up-welling and down-welling flow events across the permeable interface. A
trough case of the current permeable rough wall model at the highest Reynolds number
(i.e. PR-C Trough) was selected to explore these flow interactions. As observed in Chapter
4, visualization of instantaneous velocity fields for the current permeable rough-wall flow
suggests that near-interface surface and subsurface flow are negatively correlated, o↵ering
insight into the driving mechanisms of flow interactions in the transitional layer. Conditional
averaging confirmed this relationship such that low-momentum surface flow is associated
with high-momentum pore flow and up-welling across the interface, and vice versa. Thus,
it is likely that the large-scale surface-flow structure actively modulates the flow within the
pore space in a persistent manner. Furthermore, conditional averaging in the present study
revealed that turbulence interactions are noticeably influenced by surface topography. For
instance, the topographic e↵ect increases spatial coherence in structure and induces better
correlation with the pore flow. Consequently, the presence of surface topography leads to
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enhanced turbulence mixing across the transitional layer.
In addition to the large-scale modulation across the transitional layer, the current study
observed a strong linkage between small- and large-scale turbulent structures in the vicinity
of the permeable interface. Applying a combination of conditional averaging analysis and
POD filters it was found that small-scale turbulence is suppressed/excited at the occurrence
of large-scale up-/down-welling flow events across the wall interface. These results reflect the
characteristic signature of amplitude modulation (AM) in permeable-wall turbulence as first
noted by Efstathiou & Luhar (2018). More interestingly, the current results went further
in this regard, suggesting that small-scale turbulence penetrating into the pore space is
also induced by large-scale motions overlying the porous bed, speculating that the AM may




Flow interaction in the transitional
layer via High-frame-rate PIV
Utilizing high-frame-rate PIV measurements coupled with the RIM technique, the rich
spatio-temporal velocity information in the vicinity of the permeable interface was acquired.
In this chapter, we focus on the dynamic interplay between the surface and subsurface flows
across the transitional layer in a spatio-temporal sense. Two high-speed cameras were em-
ployed to simultaneously capture the surface and subsurface flows at the trough region of the
permeable smooth and rough walls where the active vertical transport of flow and momen-
tum occurs. This data provides a basis for enhancing our understanding of the modulating
e↵ect of the flow in the transitional layer as well as the driving mechanism of the pore flow
under the influence of the surface topography of the permeable wall.
First, time-series velocity signals are analyzed in a temporal-only sense at a single point.
Di↵erent types and scales of the flow across the transitional layer were considered to explore
the modulation e↵ect driven by the large-scale near-wall surface flow events. Particularly for
amplitude modulation (AM), its existence has been reported by many past experimental and
numerical studies on canonical smooth-wall and rough-wall boundary layers. In the field of
permeable-wall turbulence, such as flow overlying aquatic or atmospheric vegetation, gravel
river beds, or foam-type porous walls, the AM phenomenon has not been quantified yet with
a direct measure of the AM correlation coe cient (Mathis et al., 2009). Instead, indirect
evidence of the AM e↵ect, such as the streamwise skewness profile as an intrinsic link to the
AM e↵ect (Efstathiou & Luhar, 2018) or conditional averaging using POD filtering (detailed
in Section 4.3.2 and 5.3.2 herein), were reported. The current work is the first experimental
study to quantify the AM e↵ect across the transitional layer of permeable-wall turbulence.
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The topographic impact on the modulation interaction is also discussed. Furthermore, the
present spatio-temporal information from the high-frame-rate PIV measurements enables
the computation of conditional averages based on zero-crossing events (Pathikonda & Chris-
tensen, 2017). Through this particular averaging, the temporal evolution of the large-scale
structures is isolated, and their corresponding impact on the small-scale turbulence energy
in the vicinity of the permeable interface is visualized.
6.1 Flow conditions
As described in Section 2.4, high-frame-rate PIV measurements were performed on the per-
meable smooth and rough wall models at the trough region to capture dynamic interplay
between the surface and subsurface flows across the transitional layer. Due to strong spanwise
flow heterogeneity induced by the large hemispherical surface roughness and the interface
porosity of the current permeable walls, boundary-layer parameters (i.e. free-stream veloc-
ity, boundary layer thickness, skin-friction velocity, and etc) were determined based on the
double-averaged flow quantities in order to reflect global flow characteristics. A detailed
procedure to obtain these boundary-layer parameters was addressed in Section 2.7. In this
study, however, the double-averaging method, wherein the crest and trough results are aver-
aged together to remove spanwise dependence, was not carried since the present high-speed
PIV measurements (x y plane data) were only made at the trough region for both wall mod-
els to focus on the most energetic turbulence interaction across the wall interface. Instead,
boundary-layer parameters for the current work were taken from the previous low-frame-rate
PIV experiments under the assumption that the hydraulic parameters are consistent since
all experimental conditions were kept identical to those of the permeable smooth and rough
wall cases reported in Chapters 3 and 4, respectively. In this study, targeted experimental
conditions were set to be the same as the PS-C (Reb ⇠ 25, 000) and PR-B (Reb ⇠ 25, 200)
cases previously captured in the low-frame-rate PIV measurements.
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Figure 6.1: Profiles of the (a) local mean velocity and (b) turbulence intensities for the
permeable smooth wall case. Profiles of the (c) local mean velocity and (d) turbulence
intensities for the permeable rough wall case. Blue symbols represent the data from the
low-frame-rate PIV measurements, and red symbols correspond to the data from the current
high-frame-rate PIV measurements.
Figure 6.1 shows local vertical profiles of the mean and rms velocities at the trough
for the permeable smooth and rough wall cases from the high-speed PIV measurements.
Comparison is made with PS-C and PR-B cases at the same measurement location captured
by low-frame-rate PIV to validate the local boundary-layer characteristics. Normalization
is not considered in Figure 6.1. Instead, the ordinate and velocity remain in physical units
for direct comparison. The first- and second- order velocity statistics from the high-speed
PIV measurements exhibit excellent agreement with the PS-C and PR-B profiles across the
boundary layer except in the near-wall region for all cases. A small mismatch is observed
in the near-wall turbulence profiles (Figure 6.1b and 6.1d) resulting from a di↵erent pixel
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resolution of the current high-speed CMOS camera as well as a slightly di↵erent masking
geometry from that employed in the previous measurements. Nevertheless, this agreement
confirms repeatability of the flow conditions under the same experimental conditions and
allows us to consistently use boundary-layer parameters taken from previous data reported
in Chapter 3 and 4. The boundary-layer parameters are summarized in Table 2.6.
In this study, both permeable smooth and rough wall measurements were made at the
similar bulk Reynolds number (Reb). The corresponding friction velocity (u⌧ ) and the per-
meability Reynolds number (ReK) for both cases are also comparable (see Table 2.4). These
similar hydraulic conditions between two permeable wall cases provides an appropriate com-
parison in the surface and subsurface flow interactions across the permeable interface under
the similar momentum of the surface flow. The y-origin for both wall models was placed
on the wall interface in the same manner as done in Chapters 3 and 4. As was described
in Section 2.7, the virtual origin (or zero-plane displacement, d) for the permeable rough
wall case resides at 0.36k (or 4.6mm) below the roughness top. The turbulent boundary
layer thickness ( ) is then determined as the distance between the virtual origin and the
wall-normal elevation where the double-averaged mean streamwise velocity profile reached
99% of the free stream value, whereas for the permeable smooth wall case,   is measured
from the wall interface to the 99% of the free stream value.
6.2 Overall surface and subsurface flow structure in
the space-time domain
To explore the mutual interplay between the surface and subsurface flows in a temporal sense,
time-height contours of streamwise velocity fluctuations (u+) are presented in Figures 6.2b
and 6.3b from one of time-series datasets for the permeable smooth and rough wall cases,
respectively. A schematic illustration of both wall models in Figures 6.2a and 6.3a illustrates



































Figure 6.2: Schematic illustration of the permeable smooth wall model; (b) time-height
contours of the streamwise fluctuating velocity, u+(y,t) at the streamwise position where
the vertical red line resides in (a).
subsurface (y/k < 0) flows regions along the permeable interface (y/k = 0) in the same scale
to the wall-normal coordinate of the time-height contours. Temporal velocity signals across
the pore space and the boundary layer are attained at the streamwise location demarcated
with the vertical red lines in Figures 6.2a and 6.3a. This streamwise location resides between
packed spheres, where the cross section of the pore is the largest, but is outside of the
penetrating flow path as shown by the orange shadings in Figures 6.2a and 6.3a. Streamwise
velocity in the time-height contours (Figure 6.2b and 6.3b) is normalized by u⌧ to give
a proper measure of the flow interaction scaled in turbulence friction. Each vertical and
horizontal coordinate system is also normalized by the radius of the packing sphere (k) and
the eddy turnover time ( /Ue), respectively.
Due to the open permeable interface at the trough region, Figures 6.2b and 6.3b clearly
show complex temporal dynamics in the streamwise velocity fluctuations between the surface
and subsurface flow regions. It is worth noting that down-welling flow events (v < 0) at the



































Figure 6.3: As Figure 6.2, but for the permeable rough wall case.
relatively high streamwise momentum (u > 0) into the pore space. The opposite occurs under
up-welling flow conditions (v > 0) across the interface as reported by Breugem et al. (2006).
This mutual interaction was statistically confirmed by the conditional averaging using linear
stochastic estimation (LSE) as reported in Section 4.3.1 and 5.3.1 for each permeable smooth
and rough wall case, respectively. With these mechanisms in mind, the current time-height
contours in Figure 6.2b and 6.3b present an interesting temporal interaction in u+ across the
wall interface, associated with the e↵ect of the surface topography. For the permeable rough
wall case (Figure 6.3b), streamwise velocity fluctuations at the first pore space ( 2 < y/k <
0) are locally accelerated and decelerated in phase with the large-scale negative and positive
streamwise fluctuations in the surface flow region, respectively. For the permeable smooth
wall case, however, the local acceleration or deceleration of the pore flow ( 2 < y/k < 0)
seems to also be in phase with the near-wall large-scale event but less clear than that noted
in Figure 6.3 due to the absence of surface topography. The influence of surface topography
is also crucial in a formation of large-scale surface and subsurface flows in the vicinity of
the wall interface. In Figure 6.3b, the hemispherical surface topography generates well-
organized and coherent structure in the streamwise velocity fluctuations both in the surface
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and subsurface flow regions. On the other hand, Figure 6.2b highlights that the flow structure
in a range of  2 < y/k < 0 is less organized and coherent with smaller scales as compared
to that in Figure 6.3b. These observations result from three characteristics associated with
the present surface topography. First, the near-wall surface flow passing along the trough
side of the permeable rough wall has large streamwise coherence due to the channeling
e↵ect as observed in Figure 3.7. In addition, as was reported in Section 3.4.3, the large
hemispherical topography populates roughness-scale vortices in the near-wall region and
fast-moving surface flow transports these relatively large-scale vortices into the pore space.
Lastly, the surface topography notably alters the direction of the penetrating flow path down
toward the deeper wall that allows the vertical transport of flow to more directly interact
with the pore flow at the top layer. All of these three features render the flow structure
around the permeable interface of the permeable rough wall more organized and coherent
compared to that of the permeable smooth wall. These observations clearly rea rm the
results of LSE reported in Section 4.3.1 and 5.3.1 for the permeable smooth and rough wall
cases, suggesting that the presence of surface topography increases the spatial coherence in
structure and also increases the correlation between the surface and subsurface flows across
the transitional layer. Therefore, the current results from Figures 6.2 and 6.3 strongly
suggest that surface topography of the permeable wall plays a significant role in enhancing
the vertical momentum exchange across the wall interface. In addition, it is interesting to
note that the streamwise velocity fluctuations at the second pore space ( 4 < y/k <  2) is
remarkably reduced for both walls, representing an exponential decay in turbulence intensity
inside the pore space as the bottom wall is approached (Ru↵ & Gelhar, 1972; Manes et al.,
2009). Also, in this pore region, the influence of surface topography seems to vanish, and
large-scale coherent streamwise velocity fluctuations only remain for both permeable walls.
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6.3 Near-wall surface flow
Utilizing the same spatio-temporal information to that presented in Figures 6.2 and 6.3,
Figures 6.4b and 6.4d show time series of the streamwise velocity fluctuation (u+) at a single
point in the surface flow region for the permeable smooth and rough wall cases, respectively.
The sample point in this case resides at y/  ⇠ 0.06 (or y/k ⇠ 0.22) and (y + d)/  ⇠ 0.05
(or y/k ⇠ 0.79), represented by a horizontal dashed-dot line in Figures 6.4a and 6.4c for
the permeable smooth and rough wall cases, respectively. As was described in the previous
chapters, this wall-normal elevation is equivalent to the peak location in the local u+rms profile
at the trough for both walls (see Figure 4.6a and 5.7c) where an imprint of the large-scale
surface flow structure is apparent. The streamwise velocity fluctuations in Figures 6.4b
and 6.4d clearly reflect a quasi-periodic cycle of the passage of large-scale motions in the
surface flow as the corresponding time-height contour illustrate in Figures 6.4a and 6.4c. In
particular, the occurrence of negative large-scale events are highlighted by gray shading in
Figures 6.4b and 6.4d. In Figure 6.4b, the variance of the u+ signal in the gray shading seems
to be suppressed, while the excitation of u+ occurs when positive large-scale events exist in
the surface flow. This trend in u+ under the influence of the near-wall large-scale motions
becomes more appreciable in Figure 6.4d, indicating the drastic e↵ect of surface topography
on the near-wall turbulence activity. These observations represent a defining signature of the
amplitude modulation (AM) e↵ect between the small- and large-scale velocity fluctuations
as has been illustrated in a canonical smooth-wall boundary layer (Mathis et al., 2009) or
rough-wall boundary layer (Pathikonda & Christensen, 2017) at su ciently large Reynolds
number. Thus, these results from Figure 6.4b and 6.4d suggest that the large-scale velocity
fluctuations in the surface flow, which are closely linked to the up-/down-welling events across
the permeable interface, have a modulating e↵ect on the small-scale turbulence energy in the
near-wall surface flow region of the current permeable walls. In addition, these results reveal












































y/k ~ 0.22 (= y/δ ~ 0.06)












Figure 6.4: Time-height contours of fluctuating velocity, u+(y, t), of the surface flow for
the (a) permeable smooth and (c) rough wall cases. The corresponding fluctuating u+
signal at y/  ⇠ 0.06 and (y + d)/  ⇠ 0.05 for the (b) permeable smooth and (d) rough wall
cases, respectively. The horizontal dashed-dot line in (a,c) represents the wall-normal sample
location of the fluctuating u+ signal. The gray shadings in (b,d) correspond to large-scale,
low-momentum events in the near-wall surface flow region.
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6.3.1 Amplitude modulation
To investigate the modulating e↵ect between the small- and large- spatial scales in the
surface flow region of the permeable walls, amplitude modulation (AM) analysis is carried
out. The AM phenomenon in turbulent flows over permeable walls has been reported by
indirect evidence, including the streamwise skewness profile which represents an intrinsic
link with AM (Efstathiou & Luhar, 2018) and conditional averaging using POD as reported
in Sections 4.3.2 and 5.3.2. However, direct quantification of the AM correlation coe cient,
as is the standard approach in studies of canonical smooth- and rough- wall turbulence, has
not yet been explored for permeable-wall turbulence.
Following Mathis et al. (2009), the Hilbert transform method is used to generate the two-
point correlation coe cient between the large scales and the large-scale envelope of small
scales in the velocity fluctuations to investigate the amplitude modulation e↵ect. For the
two-point measurement, one point is fixed at a wall-normal location far from the wall inter-
face measuring the large scales, while the other traverses from the wall across the boundary
layer capturing the small scales. Pursuing these two-point measurement allows the large
scales to be captured unambiguously in the outer region, while the smaller scales can be
captured unambiguously in the near-wall region where the influence of the penetrating flow
is prevalent. It should be noted that very close to the wall interface of permeable walls,
viscosity-driven turbulence production becomes negligible (Breugem et al., 2006). Instead,
the main physics in this region is driven by the surface and subsurface turbulence interac-
tions. In this regard, the population of near-wall smaller scales may be markedly di↵erent
in character and in subsequent interaction with the large-scale motions, which reside far
from the wall interface. Therefore, the two-point measurement reflects a true measure of the
interactions between small- and large- scale turbulence, which enables direct evaluation of
the AM e↵ects (Pathikonda & Christensen, 2017).
Following Mathis et al. (2009), the two-point data processing for AM is summarized as
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below:
1. At each wall-normal elevation, y/ , a small-scale time series (u+iS) is decomposed from
an original velocity fluctuation signal using a spectral filter. Large-scale fluctuations
(u+oL) are also independently decoupled from the time-series attained at a fixed wall-
normal location far from the wall interface, utilizing the same spectral filter. During the
decomposing process,  c/  = 1 is chosen as a fixed cut-o↵ wavelength at all wall-normal
elevations. It should be noted that the correlation in AM is qualitatively insensitive
to the exact value of the cut-o↵ frequency (fc) as long as it adequately separates the
small scales from the large scales (Mathis et al., 2009). The current wavelength of
 c/  = 1, transposed into the frequency domain (fc) by using the local mean velocity
and Taylor’s frozen field hypothesis, successfully decomposes raw fluctuating signals
into their small- and large-scale components.
2. The Hilbert transform and the spectral filter of the same cuto↵-wavelength are con-
secutively applied to the spectrally-filtered small-scale velocity signal to obtain the
large-scale envelope of the small-scale component (EL(u
+
iS)).





, of the filtered envelope of the small-scale
signal (EL(u
+
iS)) with the large-scale velocity fluctuation (u
+
oL) can be computed using












Here, subscripts i and o denote inner and outer measures, while subscripts S and L
correspond to small- and large- scale variations. Further, t is used to represent the experiment
time variable, whereas ⌧ (= tUe/ ) indicates a correlation time delay in outer scales.
Figure 6.5 shows time-series of these AM parameters. The small-scale signal u+iS and
its corresponding filtered envelop EL(u
+

















































































y/k ~ 0.6 (= (y-d)/δ ~ 0.01)
Figure 6.5: Example of a fluctuating u+ signal in the near-wall region; (a,c) small-scale
fluctuations  c/  < 1; (b,d) large-scale and large-scale envelope of small-scale fluctuating
signal for the permeable smooth and rough wall cases. The gray shadings correspond to
large-scale, low-momentum events in the near-wall surface flow region.
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(y+d)/  ⇠ 0.01 (or y/k ⇠ 0.6) for the permeable smooth and rough wall cases, respectively.
A fixed wall-normal location for u+oL is identical to the one in Figures 6.4b and 6.4d for each
wall case. Gray shadings represent the time periods when a negative large-scale fluctuation
event occurs in the same manner as Figure 6.4. For the small-scale fluctuations in Figure 6.5a
and 6.5c, it is evident that the variance of u+iS drastically varies, showing excitation and
suppression with respect to the high and low streamwise momentum flows above the wall
interface. As expected, surface topography enhances this modulating e↵ect (Figure 6.5c) in
comparison to the permeable smooth wall case (Figure 6.5a). The behavior of the filtered
envelope EL(u
+
iS) compared to the large-scale component u
+
oL for both wall cases (Figure 6.5b
and 6.5d) exhibits a significant level of qualitative correlation.
Finally, Figure 6.6 presents the amplitude modulation correlation coe cient along the
zero time-lag (i.e. Ru and Rv, where the subscripts u and v denote the streamwise and wall-
normal component of the filtered envelope, respectively) for the permeable smooth and rough
wall cases. The case of impermeable smooth and rough walls (the latter with hexagonally-
packed hemispheres) from Pathikonda (2017) and performed in the same flow facility are
included as a basis of comparison. Figure 6.6 shows that the correlation coe cient for all
permeable cases is higher in magnitude in the near-wall region compared to those for the
impermeable walls. These observations suggest that the large-scale structures responsible
for the peak in u+rms intensity over the current permeable walls have a stronger modulat-
ing e↵ect on the small-scale turbulence close to the permeable interface. This indicates
that the open wall permeability enhances the amplitude modulation phenomenon due to
the surface and subsurface flow interactions across the wall interface. Further, permeabil-
ity coupled with surface topography drastically increases the correlation coe cient in the
streamwise component (Ru). This is particularly interesting as the large-scale structures
along the trough region of the current permeable rough wall are distinct from those over
the permeable smooth wall due to the roughness-formed channeling e↵ect and its resulting


















































Figure 6.6: Two-point amplitude modulation correlation coe cients of the (a,c) streamwise
and (b,d) wall-normal velocities for the permeable (a,b) smooth and (c,d) rough wall cases.
An impermeable smooth and a rough (hexagonally-packed hemispheres) wall case are in-
cluded to highlight the permeability e↵ect on the AM phenomenon (Pathikonda, 2017). The
current data is red and Pathikonda (2017) is black.
3.4.1). Also, the small-scale turbulence for the permeable rough wall is populated by a
di↵erent population of structure compared to the case of the permeable smooth wall due
to vortex-shedding from the hemispherical roughness elements in addition to the structure
induced by the penetrating flow across the interface.
6.3.2 Conditional averaging by zero-crossing events
Due to the spatio-temporal nature of the surface flow acquired by the current high-frame-
rate PIV measurements, the aforementioned modulating e↵ect can be further examined
using conditional averages of the large- and small- scale spatial signatures captured within
the PIV FOV. The conditional event considered herein is given by zero-crossings of the
large-scale velocity fluctuations in the space-time domain (Pathikonda, 2017). In this work,
the streamwise velocity obtained at a fixed wall-normal location, where the peak in u+rms
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resides, is considered as the reference event of the large-scale motion in a similar manner
to the amplitude modulation as described in the previous section. Of two possible types
of the zero-crossing events in conjunction with the large-scale streamwise fluctuations (i.e.
negative-to-positive or positive-to-negative in duLdt , we only consider a positive zero-crossing
(i.e. negative-to-positive in duLdt ) as the targeting event of the conditional average. Therefore,
the temporal evolution of the near-wall cycle in the conditional average begins from low- to
high- momentum fluctuations which allows the corresponding near-wall dynamics (such as
the variance in us and TKEs) to be explored.
Following Pathikonda (2017), but modified to the current work, conditional averaging
using the positive zero-crossing event procedure is described in detail below:
1. The large-scale temporal evolution of the streamwise velocity, uoL, is extracted at a
reference point, xo = (xo, yo): yo is for the wall-normal location, where the peak in u+rms
resides (detailed in Section 6.3) and xo = 0, which is the streamwise mid-point between
the packing spheres as demarcated by the vertical red lines depicted in Figures 6.2a
and 6.3a for both permeable walls. The time series at the reference point is filtered for
the large scales using the spectral filter of  c/  = 1, identical to the one used in the
amplitude modulation analysis.
2. The instances ⌧ io+ (i = 1, 2.. n, and ⌧ = tUe/  herein), where the large scale crosses
from negative to positive in the absolute time (t), are identified. These instances are
referred to as the ’positive zero-crossings (⌧ io+)’ of the large-scale structure and form
the conditional events for the current analysis. In other words, the conditional event
can be defined as:





(xo, yo, ⌧o+) > 0 (6.3)
3. The zero-conditioned ensembles of the velocity fields in sFOV are formed by collecting
the velocity vector fields as
[u|o+(x, y, ⌧)]i = [u(x, y, ⌧o+ + ⌧)]⌧ i
o+
(6.4)
The u|o+ ensembles, surrounding the positive zero-crossing-point (⌧o+) within ±2.5⌧(=
tUe/ ) of interval, are computed. During this averaging process, the structures are phase-
aligned and the small-scale fluctuations are removed, retaining the large-scale signature.
Here, 323 and 279 positive zero-crossing events are identified in the current high-frame-rate
PIV data for each permeable smooth and rough wall case, respectively, and are utilized in
the ensemble average at each ⌧ .
Figure 6.7 displays the large-scale streamwise and wall-normal velocity fluctuations from
one of the datasets for the permeable smooth wall case, acquired at the given reference
point (xo, yo). Of all positive zero-crossings identified by a red-circle in Figure 6.7a, three
examples are highlighted by the solid red-line with temporal neighborhoods in a width
of
⇥




. These temporal neighborhoods encompass the local minimum and
maximum of the large-scale streamwise velocity fluctuations, which is correlated with the
event of up-welling (i.e. local maximum in v+oL) and down-welling (i.e. local minimum in
v
+
oL) flows across the permeable interface as shown in Figure 6.7b. Therefore, the current
conditional averaging resolves a characteristic signature of the penetrating flow, allowing us
to better understand its impact on the spatial structure over the current permeable walls.
In Figure 6.7a, few positive zero-crossings are found to be close to each other. Although the
temporal neighborhoods are overlapped around them, they are but a few out of the whole
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Figure 6.7: (a) An example of a large-scale time series (u+oL) at y/  ⇠ 0.06 with all positive
zero-crossing points (⌧o+) and three example neighborhoods of width 2.5⌧(= tUe/ ) marked
in red. (b) The corresponding large-scale time series for the wall-normal component (v+oL).
specific exceptions for these incidents are not considered in this work.
To explore the temporal variation in small-scale turbulent kinetic energy (TKE) under
the influence of the large scales in conditional averaging, the small-scale component in each
instance is decomposed and the corresponding TKE variables are formed as follows:
[u|o+ ]L = hu|o+ii, (6.5)






 hTKE|o+ ]Si = hTKE|o+ ]Si   hTKE]Si, (6.8)
where the angle bracket, h.ii, indicates an ensemble average over all temporal incidents
and TKE herein denotes a surrogate TKE formed from u and v only given the current
x   y plane data. Despite the absence of the spanwise velocity component, which could
be equally important owing to the three-dimensionality of the current flow close to the wall
interface, this surrogate TKE may still appropriately reflect the small-scale turbulence energy
at each incident since the near-wall turbulence energy mainly comes from the streamwise
velocity fluctuations as seen in Section 6.1 (Figure 6.1). The small-scale TKE discrepancy,
 hTKE|o+ ]Si, is also considered to more clearly highlight the variation in the small-scale
TKE relative to its ensemble average over the whole time-series with no conditions. This
discrepancy shows the energy surplus or loss from the mean value depending upon the large-
scale event which passes. As a result, it enables us to visualize the amplitude modulation
phenomenon in the space-time domain.
Figures 6.8-6.13 show contour maps of conditionally averaged large-scale streamwise and
wall-normal velocity fluctuations, [u|o+ ]L, small-scale TKE, [TKE|o+ ]iS, and small-scale TKE
discrepancy,  hTKE|o+ ]Si for the permeable smooth and rough wall cases. Three representa-
tive time incidents for each wall model are selected to highlight the spatial structures present-
ing their temporal evolution under the modulating e↵ect. These incidents are represented by
⌧  (i.e. at the low-momentum event dominant), ⌧0 (i.e. at the positive zero-crossing), and ⌧+
(i.e. at the high-momentum event dominant) with increasing time. A schematic illustration
of the permeable wall and pairs of arrows along the permeable interface are added in each
figure to identify the direction of the penetrating flow path. Clear evidence of the correlation
between the large and small scales is observed in the temporal sequence of Figures 6.8-6.10
and Figures 6.11-6.13 for the permeable smooth and rough wall cases, respectively. For both
wall cases, as the large-scale streamwise structure, [u|o+ ]L, convects from a low-momentum
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to a high-momentum event with increasing time from ⌧  to ⌧+, the large-scale up-welling
and the consecutive down-welling flow, [v|o+ ]L, appear across the permeable interface. This
feature rea rms a consistent interplay between the surface and subsurface flows as was re-
ported in Section 4.3.2 and 5.3.2 using conditional averaging via POD. Under this influence
of the large-scale structure, the small-scale TKE is clearly modulated, showing a notice-
able suppression (at ⌧ ) and excitation (at ⌧+) around the streamwise reference point xo
(x/k = 0) in the near-wall region. The corresponding small-scale TKE discrepancy further
highlights this modulating e↵ect with respect to the large-scale event, presenting an energy
loss (at ⌧ ) and surplus (at ⌧+) relative to its mean value for both permeable wall cases.
These results, visualized in the space-time domain, strongly suggest the prevailing e↵ect of
amplitude modulation for the flow overlying the current permeable walls. It is evident that
wall permeability, which enables the surface and subsurface turbulence interactions close to
the wall interface, considerably alters the near-wall dynamics and thus increases the ampli-
tude modulation phenomenon. Also, the imprint of this modulation e↵ect is more clearly
captured in the spatial character for the case of the permeable rough wall (Figure 6.11-6.13).
This is likely due to the fact that wall permeability accompanied with surface topography
induces a more pronounced penetrating flow, allowing energetic vertical exchange of the flow
compared to that of the permeable smooth wall case (detailed in Section 4.3.1 and 5.3.1).
6.4 Flow dynamics in the transitional layer
As was described earlier, the energetic turbulence interactions mainly occur across the tran-
sitional layer, wherein two distinct flow regimes (i.e. surface and subsurface flow regions)
overlap. In this case, wall-normal penetrating flow across the permeable interface serves as
a key link to connect between the two extreme regions by transporting scalar, momentum,
and energy between these flow domains. An earlier study (Breugem et al., 2006) and the re-
sults from the conditional averaging in Section 4.3.1 and 5.3.1 confirm that the wall-normal
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Figure 6.8: Contour maps of (a) large-scale streamwise structure, [u|o+ ]L, (b) large-scale
wall-normal structure, [v|o+ ]L, (c) small-scale TKE, [TKE|o+ ]iS, and (d) small-scale TKE
discrepancy,  hTKE|o+ ]Si for the permeable smooth wall case at ⌧o+ =  0.843.
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Figure 6.9: As Figure 6.8, but at ⌧o+ = 0.
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Figure 6.10: As Figure 6.8, but at ⌧o+ = +1.124.
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Figure 6.11: Contour maps of (a) large-scale streamwise structure, [u|o+ ]L, (b) large-scale
wall-normal structure, [v|o+ ]L, (c) small-scale TKE, [TKE|o+ ]iS, and (d) small-scale TKE
discrepancy,  hTKE|o+ ]Si for the permeable rough wall case at ⌧o+ =  0.714.
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Figure 6.12: As Figure 6.11, but at ⌧o+ = 0.
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Figure 6.13: As Figure 6.11, but at ⌧o+ = +1.309.
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transport of flow across the interface is statistically correlated with the near-wall surface
flow. With this notion, further investigation of the flow dynamics in the transitional layer
is attempted using the current high-frame-rate PIV data. Due to optical accessibility inside
the pore space by the RIM technique, the current PIV data obtained from pFOV provides
rich information on the spatial character of the pore flow and its temporal dynamics. The
purpose of this section is to explore the subsurface flow characteristics and its modulating
e↵ect interacting with the surface flow varying with the surface topography of the permeable
wall.
6.4.1 Time-height contours of the subsurface flow
The temporal evolution of the surface and subsurface flows for the permeable smooth and
rough wall cases is presented again using time-height contours of fluctuating velocity (Fig-
ures 6.14 and 6.15) in a similar manner to that in the earlier section (Section 6.2). In this
case, however, to highlight the vertical exchange of the flow across the permeable interface,
wall-normal fluctuations (v+) are plotted in the subsurface flow region, while the surface flow
is represented by streamwise velocity fluctuations (u+). In addition, time series of the pore
flow (v+) are acquired at the streamwise location, shifted to the right with 0.5k (where k is
a radius of the packing sphere) away from the original position as depicted by the vertical
blue line in Figures 6.14a and 6.15a. Hence, this streamwise shift allows one to appropri-
ately capture the imprint of the penetrating flow along its preferential path as demarcated
by the orange shadings (Figure 6.14a and 6.156.15a). In contrast, the sample location for
the surface flow remains at the original position, between packing spheres, to fully obtain
the fluctuating signal across the boundary layer with no disturbance from masking, espe-
cially for the permeable rough wall case. Despite this misalignment between the surface
and subsurface flow acquisition point, this di↵erence of 0.5k corresponding to tUe  ⇠ 0.14 is
negligible in any variation of the structural characteristics of both surface and subsurface

































Figure 6.14: (a) Schematic illustration of the permeable smooth wall model; (b) time-height
contours of the streamwise fluctuating velocity u+(y, t) for the surface flow region and v+(y, t)
for the subsurface flow region acquired at the streamwise position where the vertical red and
blue lines reside in (a) for each surface and subsurface flow, respectively.
along the perimeter of the packing spheres where excessive optical aberration occurred, the
pore flow is partially presented in the present time-height contours for both permeable walls
(Figure 6.14b and 6.15b).
As reported in Section 6.2, Figure 6.15b shows a clear topographic impact on formation
of the penetrating flow inside the pore space of the permeable rough wall. This wall-normal
flow structure is characterized by a large, periodic and coherent motion in phase with the
surface flow. Particularly for the down-welling event correlated with the occurrence of high-
momentum surface flow, this structural feature is more pronounced with higher intensity as
compared to that of the up-welling event. This observation implies that the occurrence of
down-welling flow induces relatively larger momentum and energy transport into the pore
space compared to up-welling events. For the permeable smooth wall case (Figure 6.14b), on
the other hand, the temporal dynamics of the wall-normal pore flow is distinctively di↵erent

































Figure 6.15: As Figure 6.14, but for the permeable rough wall case.
surface condition forms penetrating flows that are smaller in scale with less coherence, though
they are still in phase with the surface flow. These structural features are clearly noted in
the region directly underneath the wall interface ( 0.5 < y/k < 0), where the preferential
floe path lies. Interestingly, the structural pattern in the region of  3.5 < y/k <  0.5
seems to be uncorrelated with the flow behavior above it. This is because the vertical blue
line illustrated in Figure 6.14a for the subsurface flow acquisition only covers a leading edge
of the preferential path due to its inclined nature away from the wall interface. Therefore,
Figure 6.14b presents a limited imprint of the shear penetration for the permeable smooth
wall case.
6.4.2 Modulating e↵ect on the penetrating flow
Section 6.3 clearly identified the presence of the amplitude modulation e↵ect for permeable-
wall turbulence in the near-wall region. In addition, previous chapters (Section 4.3.1 and
5.3.1) confirmed that the streamwise near-wall surface flow and the wall-normal penetrating
flow across the interface are statistically tied, and further, Figures 6.14b and 6.15b present
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a clear dynamic interplay between the surface and subsurface flows in the temporal domain.
Based on these observations, it may also be true that large-scale or small-scale subsurface
flow close to the wall interface is also modulated by the large-scale surface flow.
The results from the conditional averaging using POD that were reported in the earlier
chapters (Figures 4.24 and 5.24) noted the possible existence of amplitude modulation of
the shear penetration along the penetrating flow path for both permeable smooth and per-
meable wall cases by the surface flow. With the high-speed PIV data, further investigation
is made utilizing two-point correlations in the space-time domain to explore the modulating
phenomenon between the subsurface and surface flows. To this end, the large-scale stream-
wise surface flow (u+oL), determined with the spectral filter of  c/  = 1, is extracted at the
same reference point, xo = (xo, yo), to that used in the amplitude modulation analysis for
each permeable wall case. This large-scale flow serves as a reference velocity signal, which
is suspected to modulate (or be modulated by) the flow within the permeable walls. The
temporal signals of the subsurface flow are acquired at the shifted streamwise location across
the present subsurface region as was employed for the time-height contours shown in Fig-
ures 6.14 and 6.15. In addition, two di↵erent scales are considered for the pore flow to
independently examine the modulating e↵ect of large-scale surface vs. large-scale subsurface
flows (i.e. referred as to LL hereafter) and large-scale surface vs. small-scale subsurface flows
(i.e. referred as to LS hereafter). In particular, the latter scenario represents the amplitude
modulation occurring inside the present porous bed under the influence of the surface flow.

























where subscript p denotes the pore flow measures. Other subscripts and superscripts are
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identical to those in Section 6.3.1. except that the wall-normal coordinate, in this work, is
normalized by k instead of   to better represent the pore scale inside the permeable wall.
Again, t is the absolute time variable in the experiment, while ⌧ = (tUe/ ) indicates a
correlation time delay in outer scales. To properly decompose the large and small scales
from the original signal of the subsurface flow with respect to the pore scale, a quarter of
the boundary layer thickness (0.25 ) was used as the cuto↵ wavelength in the spectral filter
in the decoupling process, while the filter size for the surface flow remained identical to the
one in Section 6.3.1 ( c/  = 1).
Figure 6.16 shows correlation maps of the LL case for both permeable smooth and rough
walls. Given by the large-scale outer signal (u+oL), we consider two velocity components of
the large-scale pore flow (i.e. u+pL and v
+
pL) as a counter in the correlation and individually
presented in Figure 6.16. As expected, for the permeable rough wall case, Figures 6.16b
and 6.16d show a consistent correlation pattern indicating large, alternating, and coherent
structure of the subsurface flow, stretched down towards the bottom wall. Particularly
for the wall-normal velocity component (Figure 6.16d), the correlation peak seems to be
aligned near the zero time-lag (⌧ = 0) across the entire subsurface region from the current
pFOV. For the streamwise velocity component (Figure 6.16b), however, positive and negative
correlation are symmetrically split along ⌧ = 0 and repeat over time, showing a uniform and
periodic nature in u+pL. These results highlight interesting temporal dynamics between the
large-scale streamwise and wall-normal velocities inside the pore space with respect to the
large-scale flow in the surface flow region of the permeable rough wall case. Despite the
similar structural characteristics between the large-scale streamwise and wall-normal pore
flows (Figure 6.16b and 6.16d), the time delay between these two large scales is noticeable,
indicating a phase shift from one another. Since the large-scale pore flows (u+pL and v
+
pL) are
individually correlated with respect to the large-scale surface flow (u+oL) at ⌧ = 0, let the
time delay for maximum correlation at yk=-0.1 (representing the region where the surface
and subsurface flows immediately interact) be ⌧u and ⌧v for each streamwise and wall-normal
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components, respectively. Thus, ⌧u and ⌧v correspond to the time by which the modulation
influences lead or lag the large-scale pore flow (if > 0 or < 0, respectively), as given by
the time delay related with the peak in the respective correlation coe cient. With this
notion in mind, for the current permeable rough wall, it is evident that surface flow drives
vertical penetrating flow (v+pL) in a simultaneous manner due to ⌧v ⇠ 0 in Figure 6.16d, which
rea rms the observation in the time-height contours (Figure 6.15b). The large-scale vertical
penetrating flow in turn leads a large-scale modulation of the streamwise pore flow (u+pL)
with the time delay of  ⌧ = ⌧u   ⌧v =  2.4 /Ue at y/k =  0.1. Consequently, the results
in Figures 6.16b and 6.16 suggest that the local acceleration or deceleration of the large-
scale streamwise pore flow (u+pL) is driven by the large-scale negative or positive streamwise
velocity fluctuations (u+oL) in the surface flow region with a phase shift of 2.4 . It should also
be noted that the time interval between positive to positive correlation peaks (or negative
to negative) in the correlation maps (Figures 6.16b and 6.15d) is approximately 14.5 /Ue
at y/k =  1, which corresponds to the typical time scale of the large-scale structure in the
surface flow. A similar observation was reported in Manes et al. (2009) for the subsurface flow
through the cubically-packed bed of uniform spheres. Utilizing two-point time correlations,
they revealed a turnover time of ⇠ 10 /Ue for the large-scale streamwise subsurface flow at
the first and the second pore spaces.
The same correlation maps (LL case) but for the permeable smooth wall case are pre-
sented in Figure 6.16a and 6.16c, highlighting the topographic impact on the temporal
dynamics between the surface and subsurface flows. These contours clearly indicate that
the large-scale subsurface flows (u+pL and v
+
pL) of the permeable smooth wall have a di↵er-
ent spatio-temporal relationship to the near-wall surface flow (u+oL) compared to that of the
permeable rough wall (Figure 6.16b and 6.16d). In this case, this di↵erence primarily comes
from the inclined nature of the shear penetration, which is not fully captured in the current
data acquisition across the pore space illustrated by the vertical blue-line in Figure 6.14a.
For example, Figure 6.16a shows multiple disconnects in streamwise structure along the wall-
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normal direction, while uniform and periodic large-scale pore flow is noted in Figure 6.16b
for the permeable rough wall, irrespective of the wall-normal location across the entire sub-
surface region of this case. In this regard, we only focus on the subsurface region directly
underneath the wall interface ( 0.6 < y/k < 0), which encompasses the leading-edge of the
inclined penetrating flow path for the permeable smooth wall case.
For the aforementioned subsurface region in both Figures 6.16a and 6.16c, the correlation
peak is found at ⌧u = ⌧v ⇠ 0. This implies that both streamwise and wall-normal pore flows
(u+pL and v
+
pL) in this subsurface region are in phase together (⌧u   ⌧v ⇠ 0) and also in
phase with the large-scale surface flow (u+oL), which is di↵erent from the permeable rough
wall case (Figures 6.16b and 6.16d). This result is due to the inclined shear penetration
that inherently possesses intense streamwise and wall-normal momentum, associated with
pronounced Q2/Q4 events depending on the down-/up-welling jets across the wall interface.
Thus, this nature of the penetrating flow for the permeable smooth wall case renders both
phases of the streamwise and wall-normal fluctuations directly beneath the wall interface
coincident. This result is substantiated by the joint PDFs of fluctuating velocity at the
leading-edge point (Figure 4.19) of the permeable smooth wall that embodies an oval-shaped
distribution cloud along the second and fourth quadrants. Therefore, the observations in
Figure 6.16 suggest that the modulating e↵ect between the large-scale surface and subsurface
flows is controlled by the nature of the flow penetration that is closely associated with the
surface topography of the permeable wall.
Finally, Figure 6.17 presents correlation maps in the space-time domain showing two-





by the large-scale surface flow (u+oL) as a reference signal. It is observed that the amplitude
modulation phenomenon is prevalent even in the subsurface flow region and it occurs simul-
taneously with the large-scale surface flow event for the permeable smooth and rough walls.
Figure 6.17 also shows that, for both permeable wall cases, this modulating e↵ect mainly oc-
curs along the penetrating flow path and vanishes as the small-scale turbulence decays. Due
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to enhanced flow penetration induced by surface topography, the permeable rough wall case
produces a more intense and larger modulating phenomenon inside the porous bed. These
results confirm that the amplitude modulation e↵ect is not only confined in the surface flow
region but is also prevalent inside the porous bed, particularly along the penetrating flow
path across the transitional layer as was reported in Sectiosn 4.3.2 and 5.3.2.
It is worth noting that for the smooth-wall case, a second correlation peak at y/k ⇠  1.5
in addition to the one close to the wall interface is noted in Figures 6.17a and 6.11c, though
this wall-normal location is outside the shear penetration path depicted in Figure 6.14a. As
seen in Figures 6.16a and 6.16c for the large-scale pore flows, it is evident that flow structure
at y/k ⇠  1.5 has nothing to do with that penetrating into the pore space at tUe/  = 0 due
to its inclined nature. Instead, the flow structure at y/k ⇠  1.5 seems to be correlated with
the penetrating flow occurring earlier at an upstream location. Therefore, it is suspected
that most of the correlation coe cient for the amplitude modulation at y/k ⇠=  1.5 is due
to small-scale eddies from the upstream shear penetration.
6.5 Summary
In this chapter, the dynamic interplay of the flow across the transitional layer was explored
to identify the true extent of the amplitude modulation (AM) phenomenon in permeable-wall
turbulence as previously noted in Chapter 4 and 5. Two specific permeable wall models were
considered in this aspect of the study: a 5-layer porous bed formed from cubically packed
uniform spheres with a perfectly smooth interface as was used in Chapter 4, and a similarly
packed bed but with a rough interface as discussed in Chapter 5. This particular investiga-
tion leveraged time-resolved PIV measurements in the streamwise-wall-normal (x  y) plane
at the trough region, where the wall interface was open, allowing active surface and subsur-
face flow interactions. Experiments were conducted in a refractive-index matching (RIM)
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Figure 6.16: Correlation maps, RuoLupL , for the (a, b) large-scale streamwise surface vs.
large-scale streamwise subsurface flows and (c, d) large-scale streamwise surface vs. large-
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Figure 6.17: Correlation maps, RuoLupS , for the small-scale (a, b) streamwise and (c, d)
wall-normal subsurface flows driven by the large-scale surface flows for the permeable (a, c)
smooth and (b, d) rough wall cases.
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the flow in the vicinity of the complex permeable interface. The time-correlated flow inter-
actions between the free and pore flows as well as the linkage between small and large scales
in the transitional layer are studied following the approach used by Pathikonda (2017) to
elucidate the modulating phenomenon. These results were compared to those of imperme-
able smooth- and rough-wall flow in order to decouple the individual roles of permeability
and roughness.
The mutual interplay between the surface and subsurface flow was visualized in the space-
time domain (i.e., time-height contours of fluctuating velocities). These results confirmed
the linkage between the near-wall surface flow and the vertical transport of fluid across the
permeable interface, first reported by Breugem et al. (2006). A noted influence of surface
topography was also identified in these time-height contours. In particular, surface roughness
notably altered the direction of the penetrating flow path into the porous wall, suggesting
an increase in large-scale surface and subsurface turbulence interactions and thus enhanced
momentum and energy transport across the wall interface.
The time-resolved nature of these datasets revealed the dynamics of the aforementioned
linkage. The present analysis conducted through two-point AM correlations (Mathis et al.,
2009) confirmed the presence of the AM e↵ect in the current permeable-wall turbulence,
which had been previously speculated by Efstathiou & Luhar (2018) as well as in Chapter
4 and 5 based on indirect measurements and statistical analysis of uncorrelated data (i.e.
streamwise skewness profiles, filtered POD fields, etc.). These results were compared to
a dataset for flow over an impermeable wall with similar topography (Pathikonda, 2017)
indicates that wall permeability and surface topography significantly enhance the AM e↵ect
in the surface flow region. The AM correlation maps within the subsurface region indicate
the propagation of the modulating e↵ect along the penetrating flow paths for both smooth
and rough permeable walls. Finally, this AM phenomenon in permeable-wall turbulence was




Conclusions and Future work
Study of permeable-wall turbulence is of particular importance in a broad range of environmentally-
and industrially-relevant systems across seemingly disparate fields of science and engineering.
Understanding the coupling between the turbulent free flow and the laminar pore flow is key
to accurately predicting many important biogeochemical processes in such systems across
the transitional layer where the non-linear flow interactions between the surface and subsur-
face regions take place. The very existence of the transitional region and the unique nature
of these interactions may explain modifications of the turbulent structure of the free flow as
compared to the classic turbulent boundary layers (TBLs) over impermeable walls. Despite
numerous interests and attentions on the permeable-wall turbulence thus far, fundamental
physics of the flow interaction across the transitional layer and its resulting structural mod-
ification in the surface flow region have not been profoundly understood yet due to many
challenges both in experimental and computational studies. As was described in Chapter 1,
flow measurements in the vicinity of the permeable interface or within the porous medium
utilizing modern laser-based measurement techniques are often faced with challenges owing
to a severe optical aberration and light reflection from the complex wall models.
Nonetheless, experimental and numerical works have consistently reported the signif-
icance of wall permeability in scalar, momentum, and energy transport in the near-wall
region as well as the nature of the subsurface flow within the pore space (Breugem et al.,
2006; Manes et al., 2011; Kuwata & Suga, 2017). Further, recent literature (Rosti et al.,
2015) highlighted a crucial role of surface condition of the permeable wall that strikingly
a↵ects vertical transport of momentum across the permeable interface. Based on such pre-
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vious notions, the current work aims to experimentally explore the individual role of wall
permeability and surface topography on the flow in three subdivided flow regimes: i) surface
flow region focusing on the alteration of the boundary layer characteristics imposed by in-
terface porosity and surface roughness, ii) subsurface flow region for the nature of the pore
flow under the influence of the surface conditions of the permeable walls, and iii) transitional
region aiming for the dynamic interplay between the free and pore flows and its resulting
modulation e↵ect.
To this end, four simplified wall models are carefully considered with respect to two ge-
ometric parameters (i.e. wall permeability and surface topography, detailed in Section 2.2)
and constructed by cubically-packed uniform spheres (or hemispheres, D = 25.4mm) mim-
icking coarse grained river beds that is characterized by a high degree of pore connectivity
and internal permeability. Low- and high- frame-rate PIV measurement were performed on
both surface and subsurface flow region of the permeable wall models in the refractive-index
matching (RIM) facility that allows us to obtain a full optical access to the flow around the
complex wall models.
7.1 Flow structure in the surface flow region
In the surface flow region, it has been widely noted that wall permeability enhances the
friction factor (f) at the porous interface as compared to flow over impermeable surface
(Zagni & Smith, 1976; Kong & Schetz, 1982), and this increase in f is accompanied by
modifications of the near-interface flow structures (Breugem et al., 2006; Manes et al., 2011).
One of the key modifications is found in a log-region, which is analogous to that observed
in canonical smooth- or rough-wall boundary layers. Previous experiments (Manes et al.,
2011; Suga et al., 2017) reported that the von Kárman coe cient, , of the log-region for a
permeable wall becomes smaller and consistently decreases with increasing ReK . With such
notions, we investigated the influence of wall permeability and surface topography altering
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structural characteristics in the flow region outside the permeable beds considered herein.
The primary observation in this work is that permeability plays a crucial role by mod-
ifying the near-wall turbulence. In particular, near-wall turbulence of the permeable walls
is highly heterogeneous due to a relative roughness and interface porosity arrangement of
the current permeable walls. In general, permeability seems to increase the near-wall stress
along the trough region of the cubically-packed spheres by facilitating mass and momentum
exchange across the interface, while the near-wall turbulence along the crest region tends to
be suppressed. We suspect that this suppression in near-wall stress at the crest stems from
the mutual interplay with the energetic turbulence motions at the trough as an opposite be-
havior to rebalance momentum between the two extremes in spanwise position in the light
of the momentum conservation. Also, this trend at the crest and trough was consistently
observed for both permeable smooth and rough wall cases suggesting an insensitivity of the
surface condition.
A thickness of the boundary sublayer (i.e. how far the e↵ects of the wall conditions
penetrate into the surface flow), and thus spanwise flow heterogeneity seem to be a↵ected by
the relaxation of the wall blocking e↵ect when comparing the impermeable and permeable
rough wall cases. Specifically, wall permeability with a su cient depth induces a thinning
of the boundary sublayer which is a byproduct of the flow homogenization close to the wall.
Also, the surface condition impacts on the extent of the boundary sublayer. It was found that
when the surface topography is absent, the boundary sublayer becomes thicker. This is likely
due to the flow homogenization imposed by the present hemispherical surface topography
in the near-wall region that results in a thinning the boundary sublayer by comparing the
permeable smooth and rough wall cases.
Despite the flow heterogeneity induced by the current surface topography and wall perme-
ability, the local mean flow over the current wall models displays reasonably good agreement
with the impermeable smooth-wall flow outside the boundary sublayer. Further, the double-
averaged mean velocity and turbulence profiles for all cases consistently presented a good
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collapse with those of the impermeable smooth wall flow after boundary sublayer. As was
first reported by Manes et al. (2011), these observations suggested that outer-layer similar-
ity (Townsend, 1980) is not simply a phenomenon apparent in rough-wall flows but can also
occur in permeable-wall turbulence irrespective to the surface condition.
As highlighted by Breugem et al. (2006) and Manes et al. (2011), the applicability of the
permeability length scale was tested in this study using the double-averaged mean streamwise
velocity profiles in the semi-log form in two di↵erent scalings: classic inner scaling and
permeability scaling (
p
K). Double-averaged streamwise velocity profiles in classic inner
scaling for the permeable smooth wall case showed a clear downward shift relative to the
impermeable smooth wall profile, representing the presence of a flow resistance induced by
wall permeability itself. A larger downward shift was noted for the for the permeable rough
wall case at a similar Re to the permeable smooth wall profile suggesting an increased friction
at the wall interface due to a coupling e↵ect of permeability and topography. Unlike the
classic inner scaling, we found an excellent collapse for all permeable smooth wall profiles
in permeability scaling at di↵erent Re. It was suspected that such data collapse can only
be achieved by complete isolation of the wall permeability e↵ect for the present permeable
smooth wall. In contrast, permeable rough wall profiles at di↵erent Re still presented a
distinct downward shift away from the clustered permeable smooth wall profiles showing
a Reynolds number trend in roughness-induced friction. These results confirmed the flow
resistance can be parametrized by the permeability length scale (
p
K) as was first suggested
by Manes et al. (2011).
For all permeable wall cases, double-averaged streamwise velocity profile in inner scaling
showed a consistent von Kármán coe cient ( ⇠ 0.38) despite a high degree of ReK (⇠
25.3  71) in this study. The pervious experimental studies (Suga et al., 2010; Manes et al.,
2011; Suga et al., 2017) suggested that the von Kármán constant () is closely related
with ReK whereby increasing ReK , leads to  smaller than 0.37   38, which is a typical
value for canonical smooth-wall turbulent flows (Nagib & Chauhan, 2008). In our case, the
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insensitivity of  to ReK herein is suspected to stem from a geometric feature of the current
permeable wall that provides much lower porosity (  ⇠ 48%) as compared to those in Manes
et al. (2011) and Suga et al. (2017) (  ⇠ 80  98%). Also. ReK in this study is much higher
than the earlier experiments. Therefore, the relationship between  and ReK may only be
relevant for flow over a permeable wall that is characterized by a homogeneous and highly
porous bed.
7.2 Nature of the subsurface flow
Subsurface flow was successfully captured by targeted pore-flow PIV measurements revealing
distinctive flow features through the cubic-packed arrangement of the present permeable
smooth and rough wall model. For both walls, channeling of the flow along the trough
region was observed owing to the specific geometry of the present porous structure. As
expected, the trough region is the major path of subsurface flow, while the flow at the
crest region is a result of the secondary motions driven by the neighboring trough channels.
As previously highlighted by Pokrajac et al. (2007b), a streamwise velocity decrease and a
subsequent recovery of streamwise momentum were observed as the bottom surface of the
porous wall was approached. These phenomena were attributed to the direct interference of
the penetrating turbulent flow into the pore space at the trough region. In addition, these
results confirm the exponential decay of turbulence intensities across the permeable interface
as has been observed in previous work. Despite a drastic dissipation in turbulent intensity
as going deeper into the bottom wall, the decay rate was notably di↵erent with respect to
the Reynolds stress component. As highlighted by Kuwata & Suga (2016), it was observed
the streamwise Reynolds normal stress decays faster than its wall-normal counterpart. For
the Reynolds shear stress, on the other hand, it rapidly diminished across the permeable
interface and became zero over almost the entire subsurface region.
Although the overall trend in subsurface flow structure was similar between the permeable
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smooth and rough wall cases, a clear topographic e↵ect was noted on the pore flow layer
in the current study. The present hemispherical surface roughness of the permeable wall
induces a more vertically oriented penetrating flow into the pore space that interacts with
the subsurface flow at the top layer. Consequently, for the permeable rough wall case,
the momentum deficit at the first pore space appeared larger than that for the permeable
smooth wall case, suggesting that the surface topography induces more pronounced vertical
momentum exchange across the interface. Furthermore, the vertically oriented penetrating
flow by the present surface topography caused a deeper turbulence penetration depth with
particular local maximums as it penetrates each pore layer owing to a more pronounced
pulsating nature of the pore jet (Blois et al., 2012b).
7.3 Flow dynamics in the transitional layer
In the present study, the mutual interaction between surface and subsurface flows across the
transitional layer of permeable smooth and rough walls was explored. The trough region
for both walls was of central focus since dramatic vertical flow exchange occurred at this
location as it represented the open portion of the permeable interface in the cubically-packed
beds. Utilizing low-frame-rate PIV measurements, instantaneous events of up-welling and
down-welling flow across the interface were first explored, o↵ering insight into the driving
mechanisms of flow interaction between the surface and subsurface flows. Visualization of
instantaneous velocity fields for both permeable walls suggested that near-interface surface
and subsurface flow are negatively correlated. Conditional averaging by linear stochastic
estimation (LSE) confirmed the surface flow is statistically correlated with the vertical flow
event at the permeable interface as noted by Breugem et al. (2006). In this conditional
averaging, it was evident that the surface topography of the present permeable wall directly
impacts the spatial correlation between the surface and subsurface flows linked by the ver-
tical transport of fluid such as enhancement in streamwise coherence in the surface flow
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region induced by the wall-normal flow events across the interface. This result suggested
that surface topography drives more e cient turbulent mixing in the transitional layer by
imposing more promoting surface and subsurface flow interactions.
Joint PDFs of the fluctuating velocities at various measurement locations across the
transitional layer revealed that, for both permeable walls, the momentum transfer by the
wall-normal fluctuating velocity actively occurs along the preferential path of the penetrating
flow and substantially decreases as one approaches the bottom of the bed. In addition, it
was observed that, for the present permeable walls, up-welling flow events at the permeable
interface, which transfer pore space momentum into the surface flow region, occur more
frequently, whereas down-welling events tend to occur with higher intensity. These statistical
patterns are independent of the surface topography in the current study. Nonetheless, the
joint PDFs at the leading edge of the penetrating flow path revealed that the presence of the
hemispherical roughness not only renders the flow penetration more vertically oriented but
also enhances the intensity of the fluctuating velocities. This observation supported previous
LSE results in that the vertical momentum exchange across the permeable interface varies
with surface topography.
The potential existence of the amplitude modulation (AM) e↵ect in the current permeable-
wall turbulence was tested with various statistical approaches based on the low-frame-rate
PIV measurements. For both permeable walls, conditionally-averaged u+rms with respect to
the up-/down-welling events at the wall interface presented a typical signature of the ampli-
tude modulation phenomenon, particularly suppression/excitation of near-wall small-scale
turbulent kinetic energy under the influence of the negative/positive large-scale events over-
lying the wall in the surface flow region. Further, conditionally-averaged large-scale and
small-scale flow fields decomposed by POD clearly visualized the AM e↵ect close to the wall
interface for both permeable smooth and rough walls. More interestingly, this visualization
revealed that the modulating e↵ect not only occurs in the surface flow but also extends
to the subsurface along the penetrating flow paths for both wall cases. These results sug-
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gest that the amplitude modulation phenomenon observed in impermeable smooth-wall and
rough-wall flows (Mathis et al., 2009; Pathikonda & Christensen, 2017)ay not be an exclusive
feature if flows over impermeable surfaces but may also occur in flows overlying permeable
walls, as was first pointed out by Efstathiou & Luhar (2018).
The present high-frame-rate PIV measurements statistically confirmed the AM e↵ect in
the flow overlying the current permeable walls. Following Mathis et al. (2009), the two-point
AM correlation coe cient was computed for the permeable smooth and rough wall cases and
revealed that the AM phenomenon is prevalent in the present permeable-wall turbulence. In
addition, wall permeability increased the AM e↵ect in the surface flow region as compared
to the flow overlying impermeable surfaces (Pathikonda, 2017). Within the subsurface re-
gion, the AM correlation maps rea rmed a propagation of the modulating e↵ect along the
penetrating flow paths for both permeable walls. The presence of amplitude modulation in
the permeable-wall turbulence may be critical to near-wall modeling e↵orts. For instance,
Mathis et al. (2011) proposed a predictive inner-outer model for the streamwise turbulence
statistics for smooth-wall boundary layers based on correlations founded in the AM e↵ects.
If the amplitude modulation phenomenon is universally prevalent in flow overlying di↵er-
ent types of permeable walls, wherein the near-wall region is strikingly perturbed by the
up-/down-welling jets across the permeable interface, then such a model may provide a
framework for enhanced modeling of the flow in the transitional layer. However, the re-
sults presented herein were only for the trough case that has an open permeable interface
allowing vertical momentum exchange. At the crest region of the permeable walls, the AM
e↵ect may vary significantly in part due to the locally impermeable boundary condition that
does not allow the near-wall perturbation by vertical transport of fluid which we now know
enhances the AM e↵ect and in part due to the impact the turbulent secondary flow induced
by cubically-arranged hemispherical roughness and interface porosity on the development of
the large-scale motions. However, a recent experimental study Pathikonda & Christensen
(2017) reported a robustness of the AM e↵ect independent of the presence of turbulent sec-
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ondary flow induced by highly-irregular surface roughness. This observation may apply to
the present scenario to speculate that the AM e↵ect may also exist at the crest region of
the current permeable walls, though additional measurements at the crest region would be
required.
Finally, based on the observations regarding the flow dynamics across the transitional
layer that are reported herein, a conceptual model of the surface and subsurface flow in-
teractions occurring over the current permeable walls was developed. Figure 7.1 presents
a schematic illustration to conceptually describe the mechanisms that drive flow interac-
tions between the surface and subsurface regions across the permeable interface for both
permeable wall considered herein. Large-scale, high-/low-momentum regions in the surface
flow region control the excursion of the large-scale up-/down-welling events at the interface,
allowing vigorous vertical exchanges of momentum, energy, and scalar. Simultaneously, in
the vicinity of the permeable interface, the amplitude of the small-scale turbulence is modu-
lated by the large-scale features of the surface flow. During this modulating process, vertical
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Figure 7.1: Conceptual scenario for the flow interaction between the surface and subsurface




Although the current study provides extensive information on the flow structure associated
with di↵erent wall conditions that allows systemic control of permeability and surface topog-
raphy, more scenarios of permeable walls should be investigated to determine the universality
of the mechanisms reported herein for more general scenarios of permeable wall-turbulence.
Of many scenarios of permeable walls, varying the wall permeability with the identical
internal porous structure and hydraulically smooth surface condition is of particular impor-
tance to further test the applicability of
p
K as a characteristic length scale of permeable-wall
turbulence. Previous studies (Breugem et al., 2006; Manes et al., 2011; Suga et al., 2017)
have reported the e↵ect of di↵erent permeabilities on the mean flow structure and attempted
to relate ReK(= u⌧
p
K/⌫) with various boundary-layer parameters, such as von Kármán
coe cient and virtual origin (or zero-plane displacement). However, since their porous walls
were foam-type beds characterized by the coexistence of both permeability and topographic
e↵ect (even though minor), the independent role of permeability could not be isolated and
thus remains uncertain in terms of parameterization with ReK . In the current study, the
potential of
p
K as a key parameter in the double-averaged streamwise velocity in semi-log
form particularly was evident for the permeable wall with the hydraulically smooth surface
condition. Therefore, flow measurements on permeable smooth walls with varying perme-
ability would provide a more comprehensive picture of the structural trend based on the
permeability length scale. For instance, such a study could be achieved by changing the size
of the packing spheres in a cubic arrangement to ensure consistency in the internal porous
structure but this would allow systemic control of the wall permeability that is known to
impact the flow characteristics in the surface region.
Time-resolved, volumetric flow measurements in the vicinity of the permeable interface
would also be extremely useful in drawing more comprehensive conclusions and relationships
between the surface and subsurface flows. The present two-dimensional, two-component (2D-
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2C) data highlighted the nature of the flow dynamics across the wall interface using various
statistical analysis. However, this data was unable to provide a more holistic understanding
of the flow physics and of the mechanisms associated with these flow interactions due to
complex and three-dimensional nature of the flow close to the permeable interface. For
example, the mutual relation between the near-wall surface flow at the crest region and the
vertical transport of fluid across the open permeable interface at the trough region could not
be correlated and thus the presence of the AM phenomenon at the crest region currently
remains uncertain. Also, in this 2D-2C data, the local near-wall turbulence structure at
the crest and trough regions behaved in opposite ways due to momentum rebalance in
the spanwise direction between two extremes of the spanwise position. Thus, volumetric
information of the flow overlying permeable walls is necessary to study these unexplored near-
wall flow physics induced by wall permeability. Furthermore, since the present permeable
walls consistently and passively generated blowing and suction events into the surface flow
region, volumetric flow information would be extremely helpful in understanding the flow
control by vertical penetrating jets across the interface. In particular, the permeable smooth
wall case herein embodies a resemblance to synthetic jet studies in boundary layers (Choi
et al., 1994; Tardu, 2001; Rathnasingham & Breuer, 2003) that control the near-wall quasi-
streamwise Reynolds-shear-stress-producing vortices by local steady/unsteady blowing that
can lead to drag reduction. Similarly, recent experiments (Evans et al., 2018), performing
PIV measurements in flow over and through a micro-cylinder array with a hydraulically
smooth surface condition, observed an imprint of decreased flow resistance due to mutual
interaction between the flow within the canopy and that of the surface flow.
Thus, these suggested future e↵orts would provide important information toward a more
complete understanding of the characteristic length scale of permeable-wall turbulence as
well as the complex nature of turbulence interactions across the wall interface. This new
knowledge, along with the current observations and conclusions, would provide an enhanced
picture of these phenomena and also give a collaborative framework with DNS and LES
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